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CHARACTERIZATION OF A NOVEL FIS1 INTERACTOR REQUIRED FOR 
PERIPHERAL DISTRIBUTION OF THE MITOCHONDRION OF TOXOPLASMA 
GONDII 
 
Toxoplasma’s singular mitochondrion is extremely dynamic and undergoes 
morphological changes throughout the parasite’s life cycle. While intracellular‚ the 
mitochondrion is maintained in a lasso shape that stretches around the parasite 
periphery and is in close proximity to the pellicle‚ suggesting the presence of 
membrane contact sites. Upon egress‚ these contact sites disappear‚ and the 
mitochondrion retracts and collapses towards the apical end of the parasite. Once 
reinvaded‚ the lasso shape is quickly reformed‚ indicating that dynamic membrane 
contact sites regulate the positioning of the mitochondrion. We discovered a novel 
protein (TgGT1_265180) that associates with the mitochondrion via interactions 
with the fission related protein Fis1. Knockout of TgGT1_265180‚ which we have 
dubbed LMF1 for Lasso Maintenance Factor 1‚ results in a complete disruption of 
the normal mitochondrial morphology. In intracellular LMF1 knockout parasites, 
the mitochondrial lasso shape is disrupted‚ and instead it is collapsed as normally 
only seen in extracellular parasites. Additionally, proper mitochondrial segregation 
is disrupted‚ resulting in parasites with no mitochondrion and extra mitochondrial 
material outside of the parasites. These gross morphological changes are 
associated with a significant reduction of parasite propagation and can be rescued 
by reintroduction of a wildtype copy of LMF1. Co-immunoprecipitations and Yeast 
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Two-Hybrid predict interactions with the parasite pellicle. Therefore, we 
hypothesize that LMF1 mediates contact between the mitochondrion and the 
pellicle in a regulatable fashion‚ and that the LMF1-dependent morphodynamics 
are critical for parasite propagation. Current studies are focused on characterizing 
the consequences of mitochondrial collapse and identifying proteins that interact 
with LMF1 to position the mitochondrion to the periphery of the parasite.  
Gustavo Arrizabalaga, Ph.D., Chair 
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Chapter 1: Introduction 
Natural history of Toxoplasma gondii 
In 1908, two researchers were studying Leishmania in a small rodent 
species called the gundi when they discovered a new parasite. Nicolle and 
Manceaux at the Pasteur Institute in Tunisia named the genus of this novel 
organism Toxoplasma for its morphology, with toxo meaning “bow” and plasma 
meaning “life” (1, 2). However, the researchers had identified the host, 
Ctenodactylus gundi, incorrectly thus creating the species name gondii rather than 
gundi. Almost simultaneously, Dr. Alfonso Splendore working in Brazil identified 
the same parasite in rabbits. After Toxoplasma gondii was given its official 
nomenclature, it was identified in various other species, including birds, and was 
eventually isolated and identified in a human sample, as well (1). 
 Toxoplasma gondii was classified into the phylum Apicomplexa, which 
contains a number of parasites of both health and agricultural importance, such as 
Plasmodium spp., the causative agent of malaria (3–5). Apicomplexa are obligate, 
intracellular parasites that infect a wide variety of host species and have unique 
organelles that contribute to this infectivity. The apical complex, the structure for 
which the phylum is named, coordinates secretion events essential for motility, 
invasion, and maintenance of the intracellular niche (5, 6). Within the Apicomplexa, 
Toxoplasma is subcategorized as a coccidian, which includes those apicomplexan 
parasites that are shed in the feces of the definitive host. These include Eimeria 
and Cryptosporidium, both diarrheal agents. In the over 110 years since its 
discovery, Toxoplasma gondii is considered the model organism of the over 6,000 
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species identified and named Apicomplexans due to its genetic tractability and 
ease of culturing.  
 
Life cycle of Toxoplasma gondii 
 Toxoplasma has two major life cycles: the sexual cycle, which only occurs 
in felines, and the asexual cycle, which occurs in any other warm-blooded animal 
such as livestock and humans.  In the gut of the feline, ingested parasites can 
invade the intestinal epithelium. After invasion, parasites will differentiate into 
schizonts and eventually will develop into merozoites. These merozoites then 
undergo a few rounds of division before they differentiate into either macrogametes 
or microgametes, the Toxoplasma life stage that allows for sexual reproduction. 
Macrogametes fuse with microgametes to form diploid oocysts, which are shed in 
the cat’s feces (7). These oocysts sporulate and become extremely infectious and 
are able to remain stable in the environment for over a year (8). These sexual 
stages only occur in the gastrointestinal system of felids due to the lack of delta-6-
desaturase in the small intestine, producing higher than normal levels of linoleic 
acid (9). Prey species, such as rodents and birds, can ingest these infectious 
oocysts in the environment and develop into tissue cysts. Thus, felines can acquire 
the parasite consuming infected prey animals or by consuming environmental 
oocysts, thus completing the sexual cycle of Toxoplasma gondii. 
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Figure 1. Life cycle of Toxoplasma gondii. Diagram showing the sexual and 
asexual stages of the parasite life cycle. The sexual stage of the parasite life cycle 
occurs in felines, where the parasite sexually recombines in the gut and is excreted 
as infectious oocysts. Oocysts in the environment can infect any warm-blooded 
animal, including prey species, and form tissue cysts. Cats will ingest infected prey, 
which will reinitiate the sexual life cycle. Humans can be infected through direct 
ingestion of oocysts, through routes of food contamination in meat and produce, 
transplacentally from the mother, or through solid organ transplant from a 
seropositive patient. Created with BioRender.com. 
 
 
The infectious environmental oocyst can also be consumed by other warm-
blooded species including humans initiating the asexual cycle. Oocyst-driven 
infections in humans are typically due to ingestion of oocyst contaminated water 
supplies, or unwashed produce, and from oocysts in cat litter boxes, garden beds 
or sand boxes. Once ingested, the parasites escape the oocyst and disseminate 
throughout the new host as tachyzoites, the fast replicating form of the asexual life 
cycle (10). Tachyzoites are able to infect almost any nucleated cell, with tropism 
for the central nervous system, muscle tissue, and cardiac tissue. When 
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recognized by the immune response of the host, the tachyzoite differentiates into 
the bradyzoite, which is encased in a thick cyst wall and replicates very slowly (10). 
Warm-blooded animals can be also infected through carnivorism of infected 
animals. Accordingly, humans can become infected by eating undercooked or raw 
meat that contains these tissue cysts, thus restarting the asexual cycle in a new 
host. In both cases, the parasites will disseminate and form chronic tissue cysts 
that will persist throughout the host’s life. If a woman is infected for the first time 
while she is pregnant, the parasite can be vertically transmitted from mother to 
fetus. This transmission can cause a number of birth defects, miscarriage, and 
even still birth (11, 12). Transmission can also occur during solid organ transplant 
from an infected individual to a seronegative individual (13). These many routes of 
infection and infectivity of numerous hosts and cell types contributes to the 
ubiquitous nature of this parasite. 
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Figure 2. Lytic cycle of Toxoplasma gondii tachyzoites. Diagram depicting 
the asexual lytic cycle in which free tachyzoites attach to a host cell and actively 
invade to form a parasitophorous vacuole. Within that vacuole, the parasite 
replicates through a process called endodyogeny, which causes the parasite 
number to double after each round of replication. After several rounds of 
replication, the parasites undergo a controlled egress and are able to move to 
the next cell. 
 
 During the tachyzoite stage of asexual infection, the parasite propagates 
through multiple rounds of a lytic cycle in which the parasite invades, divides, and 
undergoes egress from a host cell (Fig. 2). Briefly, extracellular tachyzoites actively 
attach to a host cell and secrete factors that enhance the attachment and drive 
invasion. Toxoplasma then actively invades the host cell and forms a 
parasitophorous vacuole around itself through an invagination of the host cell 
plasma membrane and pinching off the membrane at the moving junction (5, 14). 
Once within this vacuole, the parasite is able to initiate division. Toxoplasma 
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divides through a process called endodyogeny, where two daughter parasites form 
within a single mother parasite (15). Daughters form cytoskeletal components into 
which newly formed and divided organelles can partition. Of these organelles, the 
mitochondrion is the last to migrate along the daughter IMC and integrate into the 
almost fully formed daughters (16). At the end of endodyogeny, the daughters 
emerge from the mother, themselves in the mother plasma membrane. Because 
two daughters form in each mother, the parasite number doubles each round of 
division, which occurs every 6-12 hours in tissue culture (Fig. 2)(15, 17, 18). As 
the parasite divides, the parasitophorous vacuole (PV) grows and occupies the 
majority of the host cell cytoplasm, at which point Toxoplasma can initiate a 
controlled egress to release tachyzoites into the extracellular space (19, 20). 
Parasites then migrate and attach to a new host cell to start the lytic cycle over.  
 
Toxoplasmosis 
 Toxoplasma gondii is the causative agent of toxoplasmosis, a disease 
characterized by extensive tissue damage and can be life-threatening in 
immunocompromised individuals. Approximately one-third of the world is infected 
chronically with Toxoplasma, causing approximately 750 deaths each year (21, 
22). In the immunocompetent person, toxoplasmosis presents with mild, flu-like 
symptoms and lasts for a couple of weeks. This acute infection will be forced into 
a chronic stage of infection by the host immune system, inducing the formation of 
tissue cysts that persist throughout the host’s life. However, in those who are 
immunosuppressed, such as those being treated with certain chemotherapies and 
 7 
patients with AIDS, a primary infection or the reactivation of encysted parasites 
can lead to severe tissue damage, seizures, and in some cases death (23). In 
these individuals, the immune system is not effective enough to ameliorate the 
acute infection and the parasite is able to constantly divide and lyse cells, causing 
significant tissue damage.  
 Pregnant mothers who are infected for the first time during pregnancy or 
have a reactivation of the acute infection while pregnant can pass toxoplasmosis 
to the fetus. Fetal infection is relatively rare, but the risk of infection from an acutely 
infected mother increases to 60-81% during the third trimester from 20% during 
the first trimester (24). However, infection in utero can cause a number of birth 
defects including mental retardation, seizures, hydrocephalus, miscarriage, and 
even still birth (11). Currently, the accepted treatment to prevent congenital 
infection is spiramycin, a macrolide antibiotic that has been observed to decrease 
the frequency of vertical transmission (25). However, if congenital infection is 
confirmed through PCR of amniotic fluid, then the course of treatment includes 
pyrmethamine, sulfadiazine, and folinic acid (26). Since pyrmethamine is relatively 
toxic and teratogenic, it is not recommended during the first trimester and still has 
significant risks for birth defects throughout pregnancy (11, 26). Infants infected 
during the first trimester tend to have more severe symptomology, whereas those 
infected later in pregnancy are usually born asymptomatic with developmental 
defects later on (11, 27). One of these defects that affects infants in long-term 
infection is chorioretinitis, which is the inflammation of the lining of the retina (28). 
In these cases, Toxoplasma can cause scarring of the retinal tissue, which some 
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reactivation along the borders of the scar (29). Ocular toxoplasmosis can 
reactivate throughout the host’s life and the cause of this reactivation is currently 
unknown. Interestingly, South American countries have a much higher prevalence 
of ocular toxoplasmosis, with ~20% of seropositive cases resulting in ocular 
infection compared to 1-2% of infections in the United States (30). 
 
Toxoplasma gondii cell biology 
 Toxoplasma gondii is part of the kingdom Alveolata, which include species 
designated as alveolates. Alveolates contain alveolar “sacs” that are flattened 
vesicles that reside under the plasma membrane, creating a structural support 
system. Alveolata includes dinoflagellates and apicomplexans, which both have 
flattened membranous sacs, non-photosynthetic plastid organelles, and a 
microtubule organizing center or cone (4, 31). In apicomplexans, the relic plastid 
organelle is the apicoplast (Figure 3, blue) which is important for isoprenoid 
production, fatty acid synthesis, and potentially completes the citric acid cycle from 
the mitochondrion through a citrate shunt (32, 33). Apicomplexans are such named 
for the apical complex, which is a structure at the apical end of the parasite that 
includes the microtubule organizing center, called the conoid in Toxoplasma. From 
this conoid, 22 subpellicular microtubules emanate and extend 2/3 the length of 
the parasite and are important for maintaining structure, rigidity, and allowing 
movement (6, 34). Sitting between these microtubules and the parasite plasma 
membrane is the inner membrane complex (IMC), which is made up of alveolar 
sacs stitched together (15, 17, 35). The plasma membrane and the IMC make up 
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the parasite pellicle (Fig. 3). Beneath the IMC is a network of intermediate filaments 
that make up the subpellicular network (36).  
 
Figure 3. Cellular structures of Toxoplasma gondii. Schematic indicating the 
shape of the mitochondrion and its proximity to the microtubules, IMC, and 
plasma membrane. 
 
During parasite division, daughter parasites first start to form their own IMCs 
that provide a scaffold for organelle partitioning between the two new parasites. 
As these new IMCs form, organelles are continuously incorporated into the forming 
daughters through a highly coordinated process. Some organelles are made de 
novo, such as the micronemes and dense granules. Other organelles, such as the 
apicoplast and the mitochondrion, are formed from the mother organelle and 
divided between daughters (16, 18). During this process, the parasite 
mitochondrion begins to form branches that extend into the forming daughter 
parasites to establish the typical lasso shape (16). Interestingly, this incorporation 
of the mitochondrion into the daughters occurs very late in endodyogeny and the 
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mitochondria are not fully integrated into the new parasites until they are already 
emerging from the mother parasite (16). Until this point, the mitochondrion is 
completely excluded from the daughter parasites. Currently, there is a knowledge 
gap in what proteins are involved in the branching of new mitochondrial material, 
forming membrane contact sites with the IMC for proper mitochondrial segregation, 
and what factors are involved in mitochondrial division. 
 
Mitochondrial dynamics and division 
 The mitochondrion is most well-known for being the powerhouse of the cell 
and an important hub for metabolism. Essential functions of the mitochondrion are 
highly dependent on the structure of the mitochondrion, its biogenesis, and quality 
control. The mitochondrion is also involved in essential signaling mechanisms, 
transport of proteins and nutrients throughout the cell, and forming contact sites 
with other organelles to mediate lipid and calcium transport (37–39). Two such 
important mitochondrial dynamic processes are fusion and fission of mitochondria. 
Mitochondrial fusion is the process of two or more mitochondria coming together 
to form an elongated network of mitochondrial material (Fig. 4). One instance in 
which this process occurs is after treatment with a DNA damaging agent, like 
cycloheximide, which can damage both nuclear DNA and mitochondrial DNA 
(mtDNA) (40). Once damaged, mitochondria will fuse to promote DNA mixing to 
complement and repair the damaged DNA fragments. In another example, growing 
Saccharomyces cerevisiae in anaerobic conditions results in fused mitochondria 
(41). In contrast, mitochondria also undergo mitochondrial fission to produce more 
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mitochondria, to promote mitophagy of damaged mitochondria, and in response to 
drugs that affect mitochondrial respiration, such as oligomycin (42, 43). 
Additionally, S. cerevisiae mitochondria show a fragmented, punctate phenotype 
in aerobic environments where respiration is more favorable (41). 
 
Figure 4. Schematic of mitochondrial fission-fusion cycle. Diagram 
indicating mitochondrial fusion, shown as multiple mitochondria coming together 
to make an elongated mitochondrion, and fission, where the mitochondria 
divides to make more mitochondria. Created with BioRender.com. 
 
Mitochondria are constantly altering their shape and undergoing both fission 
and fusion events. In yeast, mitochondrial fission is initiated by an outer 
mitochondrial membrane protein called Fission 1, or Fis1. Fis1 is a tail-anchored 
outer mitochondrial membrane protein that recruits adaptor proteins, like 
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mitochondrial division 1 (Mdv1), to the mitochondria (44). Once recruited, a 
dynamin related protein such as dynamin 1 (Dmn1) is able to bind to the adaptor 
and initiate oligomerization. Dmn1 oligomerizes to form a ring and, once GTP is 
hydrolyzed to GDP and inorganic phosphate, begins to constrict the mitochondrion 
(45, 46). In yeast, the endoplasmic reticulum is then recruited to these sites of 
mitochondrial constriction and the ER tubules wrap around preconstricted sites to 
initiate final scission (38, 47). This eventually leads to complete fission and the 
production of two mitochondria. This process requires three components: a protein 
anchored to the outer mitochondrial membrane (OMM), adaptor protein(s), and a 
dynamin-related protein (45). 
 
Figure 5. Model of mitochondrial fission in yeast. Diagram of the process of 
a mitochondrion dividing into two. First, the mitochondrion starts to constrict, and 
Fis1 (blue hexagon) recruits adaptors like Mdv1(red circle) to form a platform for 
Dmn1 (yellow) at the site of constriction. Dmn1 oligomerizes to form a contractile 
ring and upon GTP hydrolysis, the ring constricts further, eventually leading to 
fission of the mitochondrion. Created with BioRender.com. 
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 In Toxoplasma gondii, there is one singular, large mitochondrion that 
extends to the parasite periphery, producing a lasso shape in intracellular 
parasites. Because there is only one mitochondrion, it is unlikely that there is a 
mitophagy process, which is corroborated by the lack of homologs to mitophagy 
proteins of other system. Additionally, there are no traditional homologs to proteins 
involved in fusion, indicating that the parasite’s mitochondrion does not undergo 
this part of the fission-fusion cycle or it does so with non-canonical factors. 
However, the mitochondrion of Toxoplasma still continues to change its shape 
throughout the parasite lytic cycle. In intracellular parasites, the mitochondrion is 
a large loop. During division, the mitochondrion encircles the forming daughter 
parasites and begins to form branches that extend into the daughters during the 
last stages of division before the daughter egresses from the mother (16). These 
branches migrate along the daughter cytoskeletons to reform the traditional lasso 
shape. After multiple division cycles, the parasite undergoes a controlled egress 
from the host cell. In the extracellular environment, the mitochondrion begins to 
retract from the parasite periphery to form a sperm-like morphology, with a large 
balled portion of mitochondrial material and a tail extending towards the basal end 
of the parasite (48). As Toxoplasma remains extracellular, the percentage of 
parasites with sperm-like mitochondria increases and the mitochondria eventually 
collapse into a ball at the apical end of the parasite. Upon reinvasion into a new 
host cell, the lasso reforms and division can continue (48). In addition to 
mitochondrial morphology changes throughout the parasite lytic cycle, the 
mitochondrion of Toxoplasma gondii also alters its morphology in the presence of 
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certain stressors, such as drug treatment and amino acid starvation (49–51). 
Treatment with the anti-coccidial drug monensin results in global disruption of 
membranes and, specifically, a punctation of the mitochondrion seen by F1B 
ATPase staining (49, 52) (Fig. 6B). In Toxoplasma, there are very few homologs 
to fusion or fission proteins and there are no homologs to the adaptor proteins 
identified in yeast (Fig. 5). Toxoplasma gondii contains three identified dynamin-
related proteins (Drps): DrpA, DrpB, and DrpC. DrpA and DrpB are involved in 
apicoplast division and biogenesis of secretory organelles, respectively (53, 54). 
TgDrpC is an atypical GTPase because it lacks a conserved GTPase Effector 
Domain, which is typically required for function. Our lab recently showed that 
TgDrpC localizes to cytoplasmic puncta that redistribute to the growing edge of the 
daughter cells during division and that loss of TgDrpC stalls division and leads to 
rapid deterioration of multiple organelles (55). This association with growing 
daughters during endodyogeny was recently corroborated by Amiar et al. (56). 
Interestingly, our lab showed that TgDrpC interacts with proteins that exhibit 
homology to those involved in vesicle transport, including the AP2 adapter 
complex, which was confirmed by Ross Waller’s group while investigating AP2 
interacting proteins (Toxoplasmosis Congress 2019, Colombia). Based on these 
results, TgDrpC appears to contribute to various processes including vesicle 
trafficking, organelle stability and division. Whether mitochondrial division is part 
of its function remains unclear but its association with the edge of the IMC late in 
division when the mitochondrion enters the daughter parasites could suggest an 
interaction with the mitochondrion during fission. This is supported by the results 
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of Melatti et al. in which a dominant negative allele of DrpC halts mitochondrial 
division (57). Nonetheless, despite significant efforts to define the mechanisms and 
proteins driving mitochondrion division in Toxoplasma significant knowledge gaps 
remain.  
Toxoplasma has one Fis1 homolog (TGGT1_263323) that contains a C-
terminal transmembrane domain and two tetratricopeptide repeat (TPR) domains, 
that are necessary for adaptor recruitment and binding (Fig. 5A) (58, 59). A striking 
aspect of monensin treatment of Toxoplasma is the disruption of mitochondrial 
morphology, producing what appears to be a fragmented organelle. A survey of 
the Toxoplasma database (ToxoDB) to identify homologs involved in mitochondrial 
dynamics revealed that the genome of Toxoplasma is rather bereft of proteins that 
participate in the fusion and fission processes. However, we were able to identify 
a protein (TGGT1_263323) with homology to the fission 1 (Fis1) protein from 
higher eukaryotes. TGGT1_263323, referred to hereafter as Fis1, is a 154 amino 
acid protein and contains two tetratricopeptide (TPR) domains, a C-terminal 
transmembrane (TM) domain followed by a three amino acid C-terminal sequence 
(CTS). In previous work focused on the characterization of membrane anchor 
domains in Toxoplasma, our lab showed through transient transfection of an N-
terminal HA tagged Fis1 that it localized to the mitochondrion (60). In order to 
further characterize the localization and function of Fis1, our lab established a 
parasite strain stably expressing an N-terminally HA epitope-tagged version of Fis1 
under the control of the SAG1 promoter (Fig. 6B, top panel). Immunofluorescence 
assay (IFA) of intracellular parasites of this strain (RH∆hpt+HAFis1) confirmed that 
 16 
Fis1 localized to the parasite mitochondrion by co-localization with F1B ATPase 
protein, which is located in the inner mitochondrial membrane (IMM) (Fig. 6B). This 
strongly suggests that, as expected for Fis1 proteins, Fis1 localizes to the outer 
mitochondrial membrane. 
 
Figure 6. Fis1 localizes to the Toxoplasma outer mitochondrial membrane, 
which remains intact after monensin treatment. To determine the subcellular 
distribution of the fission protein homolog Fis1, a parasite strain expressing an 
ectopic copy of Fis1 including an N-terminal HA epitope tag was generated. (A) 
Illustration shows the exogenously expressed epitope-tagged Fis1. Protein 
domains in Fis1 are indicated: tetratricopeptide repeat domains TPR1 and TPR2 
and transmembrane (TM) domain. (B) Intracellular parasites of the (HA)Fis1-
expressing strain were analyzed by IFA using antibodies against the HA tag to 
detect Fis1 (in green) and against the Toxoplasma F1B ATPase protein to 
delineate the inner mitochondrial membrane (in red) using an OMX 3D-SIM 
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superresolution imaging system. In the second panel, intracellular parasites 
were treated for 8 h with monensin (1 ng/mL). Bar, 2 µm (61). 
 
 Our lab has demonstrated that multiple organelles, including the 
mitochondrion, are affected by treatment with the anti-coccidial drug, monensin. 




 ionophore than causes autophagy and mitochondrial 
fragmentation in Toxoplasma gondii (49, 62). Since we established that Fis1 
localizes to the OMM, we were able to observe the effects of monensin on both 
the outer and inner mitochondrial membranes. After 8 hours of treatment with 
1ng/mL monensin, the inner mitochondrial membrane became punctate (Fig. 6B, 
red), as observed previously (49, 61). However, the OMM remained intact and 
connected the inner mitochondrial fragments like beads on a string (Fig. 6B, 
green). Therefore, the previous observation of mitochondrial punctation in the 
presence of monensin is actually a constriction of the mitochondrion (Fig. 6B). 
Our previous studies have shown that the TM domain of Fis1 is sufficient 
for mitochondrial targeting (60). To determine whether the TM is necessary for 
mitochondrial localization our lab established a parasite strain that endogenously 
replaced the TM and CTS of Fis1 with a HA tag using homologous recombination 
(Fig. 7A). Intracellular parasites of this strain were co-stained with antibodies 
against HA to detect Fis1∆TM and against F1B ATPase to visualize the 
mitochondrion (Fig. 7B). Eliminating the TM of the endogenous Fis1 shifted its 
localization from the mitochondrion to the cytoplasm (Fig. 7B). Thus, proper Fis1 
localization to the OMM is dependent on its C-terminal transmembrane domain 
and CTS. 
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When analyzing the localization of the truncated endogenous Fis1 it was 
noted that the morphology of the mitochondrion appeared abnormal. Instead of the 
typical lasso seen in wildtype parasites (Figs. 3 and 7), the mitochondrion in 
parasites of the RH∆ku80:Fis1∆TM strain appeared to contain additional branches 
as well as unconnected strands, a phenotype that seemed to increase as the 
parasites underwent several rounds of division (Fig. 7B). In the RH∆ku80:Fis1∆TM 
strain, 60.4±7.5% of vacuoles had parasites with atypical mitochondrion (i.e. 
extraneous branches and strands). This is in contrast to the parental strain in which 
only 12.7±3.4% of vacuoles had parasites with atypical mitochondrion (Fig. 7C). 
These observations suggest that mislocalizing the endogenous Fis1 alters the 
typical mitochondrial morphology.  
The phenotypes observed with the RH∆ku80:Fis1∆TM parasites could be 
due to either absence of Fis1 at the mitochondrion or a dominant negative effect 
from the mislocalized truncated protein. To differentiate between these 
possibilities, we next sought to determine how genetic ablation of Fis1 would affect 
the parasite’s ability to respond to monensin challenge and undergo mitochondrial 
remodeling. Interestingly, in contrast to what is observed with mislocalized Fis1, 
complete lack of Fis1 did not affect the mitochondrial morphology (57, 61). Thus, 
it appears that Fis1 lacking the TM domain imparts a dominant negative effect on 
mitochondrial morphology.  
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Figure 7. Mislocalization of Fis1 disrupts mitochondrial morphology. To 
determine the necessity of the TM domain for localization of Fis1, we engineered 
strains in which either an exogenous or the endogenous Fis1 lacked the 
transmembrane domain. (A) Schematic of endogenous Fis1 in which TM has 
been replaced by an HA epitope (Fis1∆TM-HA). (B) Intracellular parasites of the 
strain expressing the truncated Fis1 were stained with antibodies against the HA 
tag (green) to detect Fis1∆TM and antibodies against F1B ATPase (red) to detect 
mitochondria. White arrows indicate abnormal appearing mitochondria. Bars, 2 
µm. (C) The frequency of Fis1∆TM-HA-expressing parasites with abnormal 
mitochondrial morphology (extraneous fragments or branches) was examined 
and compared to that of the parental ∆ku80 strain. In three independent 
experiments, parasite vacuoles from 15 random fields of view were enumerated, 
and the data are presented as percentage of vacuoles with normal mitochondrial 
morphology + SD. Student’s t-test was employed for determining statistical 
significance (61). 
 
Basis of inquiry  
 The mitochondrion of Toxoplasma is both metabolically and 
morphologically dynamic in order to adapt to the constantly changing environment. 
The mitochondrion is a validated drug target, but these drugs are toxic or 
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ineffective at treating all stages of the parasite life cycle. Therefore, it is important 
that new treatments are developed that can target multiple life stages and 
accommodate the parasite’s ability to adapt. In this study, I have identified a novel 
protein which we have named Lasso Maintenance Factor 1 (LMF1) which is 
involved in maintaining the typical mitochondrial shape in intracellular parasites. 
Upon genetic disruption of LMF1, the Toxoplasma mitochondrion retracts from the 
parasite periphery to form sperm-like and collapsed mitochondria in intracellular 
parasites. The goal of this thesis is to determine the consequences of this 
mitochondrial morphology change in intracellular parasites and identify other 
proteins that may be involved in this process, both naturally upon egress and upon 




Figure 8. Model of aims of this study. Schematic of the mitochondrial 
morphology change observed between intracellular and extracellular forms of 
the parasite. Upon deletion of LMF1 or exposure to the extracellular 
environment, the mitochondrion (green) retracts from the IMC. Aim 1 is to identify 
putative Fis1 (yellow rectangle) interactors. Aim 2 is to determine the role of 
LMF1 (red circle) in parasite fitness. Aim 3 is to determine interacting partners 
of LMF1 (blue hexagon). 
 
Aim 1: Identify Fis1 interactors 
 Toxoplasma gondii lacks many of the canonical factors involved in 
mitochondrial fission, such as the adaptor protein Mdv1 and a traditional dynamin. 
Therefore, I will determine putative interactors of Fis1 to investigate their role in 
mitochondrial dynamics and division. I will use two methods, Yeast Two-Hybrid 
(Y2H) and immunoprecipitation, to identify putative Fis1 interactors. Proteins found 
using both techniques will be investigated further, along with putative proteins of 
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interest from either list with good confidence of interaction by Y2H and/or 5 or more 
peptides in the HA-Fis1 sample, but none in the control. I will tag and localize three 
potential Fis1 interactors for further study.  
 
Aim 2: Determine role of LMF1 in parasite fitness 
 TGGT1_265180 was identified in both Y2H and immunoprecipitation of 
Fis1, which our lab has now dubbed Lasso Maintenance Factor 1 (LMF1). In order 
to determine if LMF1 plays a role in mitochondrial dynamics or parasite survival, I 
propose the following: I will endogenously tag LMF1 and determine its localization 
in relation to Fis1 and confirm interaction with Fis1 through truncational mutations 
to either Fis1 or LMF1. I will knockout LMF1 using double homologous 
replacement of the coding sequence with a drug resistance marker. Using these 
knockout parasites, I will perform tissue culture assays, such as plaque and 
doubling assays, to determine if LMF1 plays a role in the Toxoplasma lytic cycle. 
Additionally, I will observe any changes to mitochondrial morphology using 
immunofluorescence microscopy and transmission electron microscopy. I will also 
conditionally knockdown LMF1 using a destabilization domain to better control 
specific levels of the protein in relation to mitochondrial morphology and parasite 
fitness.  
 
Aim 3: Determine interacting partners of LMF1 
 In order to further identify proteins involved in mitochondrial dynamics of 
Toxoplasma gondii, I plan to identify putative interactors of LMF1 using Y2H and 
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immunoprecipitation analysis. Proteins common to both generated lists will be 
prioritized for localization and phenotypic characterization. I plan to determine the 
localization and determine potential interaction with LMF1 of three proteins chosen 
by a set of predetermined criteria.  
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Chapter 2: Methods 
Host cell and parasite maintenance 
All parasite strains were maintained via continued passage through human 
foreskin fibroblasts (HFF, purchased from ATCC) in normal growth medium, which 
consisted of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 2 mM L-glutamine, and 100 units penicillin/100µg 
streptomycin per mL. All cultures were grown in a humidified incubator at 37ºC and 
5% CO2. Parasites used were of the strain RH lacking hypoxanthine-xanthine-
guanine phosphoribosyl transferase (HPT, RH∆hpt) (63) and RH lacking HPT and 
Ku80 (RH∆ku80∆hpt, referred to as ∆ku80 thereafter) (64, 65). For experiments 
involving drug treatment, the medium was supplemented with 1% FBS rather than 
10%. For pyrimethamine treatment we used dialyzed serum. All drugs were 
purchased from Sigma. Stocks of monensin, pyrimethamine, and myxothiazol 
were prepared in ethanol, while atovaquone was prepared in DMSO.  
 
Generation of transgenic parasites 
(HA)Fis1 and Fis1∆TM: Parasites were engineered to express ectopic 
copies of full-length Fis1 (TGGT1_263323) or a truncated version lacking the 
putative transmembrane (TM) domain. For this purpose, PCR was utilized to 
amplify the Fis1 cDNA and append a hemagglutinin (HA)-tag at the N-terminus. 
The amplicon was flanked by NsiI and PacI restriction enzyme sites. Table 1 lists 
all the primers used throughout this study. Purified PCR fragments were inserted 
into the pHEX2 plasmid (66) using the In-Fusion HD Cloning Plus kit (Clontech). 
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Expression of the transgenes was controlled by the SAG1 promoter and selection 
was provided by the presence of the HPT selectable marker (63). 35µg of KpnI-
linearized plasmids were electroporated into parental RH∆hpt parasites (67) and 
selection of parasites that successfully integrated the plasmid was achieved by 
growing parasites in medium containing 50µg mycophenolic acid and 50µg 
xanthine per mL. Three rounds of drug selection were followed by limited dilution 
cloning to establish HA-tag positive parasite lines with and without the 
transmembrane domain termed RHΔhpt+HAFis1 and RHΔhpt+Fis1ΔTM, 
respectively. 
To generate a parasite line expressing an endogenous Fis1 lacking the TM 
(RH∆ku80:Fis1∆TM), a fragment of the Fis1 gene comprising the region just 
upstream of the TM and flanked by PacI and AvrII was PCR amplified from 
Toxoplasma genomic DNA and inserted into the pLIC-HA(3x)-DHFR plasmid (64) 
by In-Fusion cloning. 35µg of EcoRV-linearized plasmid was transfected into 
Δku80 parasites (64). Resulting transfectants were selected for dihydrofolate 
reductase (DHFR) by growth in medium with 1µM pyrimethamine and cloned by 
limited dilution. 
Endogenous tagging of putative Fis1 interactors: Putative Fis1 interactors 
TGGT1_224270 and TGGT1_287980 were endogenously tagged at their C-
termini with a triple hemagglutinin tag and a DHFR resistance cassette using 
CRISPR/Cas9. Briefly, approximately 4kb from the pLIC-3xHA-DHFR plasmid was 
amplified by PCR to contain the epitope tag and DHFR with primer overhangs 
homologous to 42bp before the stop codon and 42 bp after the PAM site. The 
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pSAG1-U6-Cas9-sgUPRT sgRNA was mutated to contain a sgRNA targeted to 
50-100bp downstream of the stop codon. The small guide RNA was mutated using 
Q5® Site-Directed mutagenesis (NEB) using primers 30 and 31 for 
TGGT1_287980 and primers 34 and 35 for TGGT1_224270. Approximately 1µg 
of the PCR amplicon and 2µg of the CRISPR/Cas9 plasmid with the correct guides 
were nucleofected into RHΔku80 parasites and selected using 1µM pyrimethamine 
and cloned using limiting dilution. Positive clones were confirmed using Western 
blotting and IFA. 
TGGT1_265180(myc): For C-terminal endogenous epitope tagging of 
TGGT1_265180, a PacI-flanked fragment of TGGT1_265180 just upstream of its 
stop codon was PCR amplified and inserted into pLIC-myc(3x)-DHFR by In-Fusion 
cloning. 60µg of XcmI-linearized plasmid was transfected into Δku80 parasites and 
transfectants were selected for DHFR as described above.  
Δ265180: Double homologous replacement of the TGGT1_265180 coding 
sequence was used to establish a knockout strain. For this purpose, we generated 
a knockout construct using the previously described pminiGFP vector (68). Using 
In-Fusion cloning we introduced a 1,400bp PCR amplicon encompassing the 
region upstream of the TGGT1_265180 start codon into the HindIII restriction site 
of pminiGFP and a 1,156bp amplicon of the region downstream of the stop codon 
into the NotI restriction site. In this manner, the resulting vector (p265180_KO) has 
a drug selection cassette, HPT, flanked by regions of homology to the sequences 
upstream and downstream of TGGT1_265180. 10µg of DraIII-linearized 
p265180_KO was transfected into Δku80 parasites using NucleofectorTM (Lonza) 
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and parasites were then selected for the expression of HPT, as described above. 
Disruption of TGGT1_265180 was confirmed by PCR using three primer sets 
(Table 1). The first primer set (P1) amplifies a 637bp region present in wildtype 
parasites and absent in the knockout strain (Fig. 13A and B). The second primer 
set (P2) was designed to amplify a 1933bp fragment only present if the double 
homologous recombination of the knockout construct occurred at the 
TGGT1_265180 locus (Fig. 13A and B). The final primer set (P3) amplifies a 
fragment in both the wildtype and knockout strains (Fig. 13A and B).  
Δ265180+265180(HA) and Δ265180+265180∆SID(HA): For exogenous 
expression of TGGT1_265180, a 3700bp fragment beginning approximately 2kb 
upstream of the TGGT1_265180 start codon and ending at the penultimate codon 
was PCR amplified from genomic DNA. This PCR amplicon was inserted into the 
PacI site of pLIC-HA(3x)-DHFR by In-Fusion cloning. The same method was used 
to create a plasmid lacking the predicted SID, thus truncating the gene. These 
plasmids were used as templates to amplify an 8kb fragment that included the 
TGGT1_265180 gene under the control of its own promoter, a triple hemagglutinin 
tag, and the DHFR drug selection cassette. Primers used included overhangs 
homologous to the remnants of the Δku80 site on each side of a double-stranded 
cut created by CRISPR/Cas9. The 8kb PCR fragment was gel extracted using the 
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and eluted in P3 Buffer 
(Lonza) for nucleofection. The pSAG1-Cas9-U6-sgUPRT plasmid, generously 
provided by the Sibley lab (69), was mutated to contain a guide RNA targeted to 
the Ku80 site. TGGT1_265180 knockout and parental parasites were transfected 
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with 1µg of either the full-length (265180-HA) or truncated (265180∆SID-HA) PCR 
amplicons and 2µg of pSAG1-Cas9-sgKu80 using the Nucleofector
TM
 (Lonza). 
Parasites were selected for the presence of DHFR, as described above. 
Immunofluorescence and Western blot (see below) was used to confirm 
expression and localization of the exogenous copies of TGGT1_265180.  
LMF1-2xHA-DD-DHFR: For conditional knockdown of LMF1, the same 
PCR primers and amplified sequence were used to insert into the pLIC-HA(2x)-
DD-DHFR plasmid using InFusion cloning. Approximately 65 µg of Xcm1-
linearized plasmid was transfected into DiCre∆ku80 SOD2-GFP IMC1-TdTomato 
parasites, generously provided by Dr. Diego Huet (70). Transfectants were cloned 
through selection in both pyr and SHLD-1 and confirmed as described above. 
 LMF1-HA+IMC10-myc: For endogenous tagging of IMC10 C-terminus with 
a myc epitope tag, a 2.6kb fragment was amplified from the pLIC-myc(3x)-HPT 
plasmid that included the triple myc epitope tag and HPT drug selection cassette. 
Primer overhangs for this amplicon corresponded to 42bp before the stop codon 
of IMC10 and 42bp after the PAM sequence designed for CRISPR/Cas9 (Table 
1). This fragment was PCR amplified and gel extracted using the NucleoSpin Gel 
and PCR Clean-up kit (Macherey-Nagel) before eluting in P3 Buffer (Lonza).  We 
designed primers to mutate the pSAG1-Cas9-U6-sgUPRT plasmid to contain a 
guide RNA targeted to a site no greater than 100bp downstream of the IMC10 stop 
sequence. This mutagenesis was achieved using Q5® Site-Directed mutagenesis 
(NEB) and plasmids with the correct guide RNA sequence were confirmed by 
sequencing. Approximately 2µg of pSAG1-Cas9-sgIMC10 plasmid and 1µg of the 
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PCR amplicon containing the epitope tag and drug selection marker were 
nucleofected into RH∆ku80 LMF1-HA parasites. Positive clones were selected for 
in the presence of MPA/XAN and were confirmed using IFA and Western blots, as 
described previously. 
 
Immunofluorescence microscopy analysis 
For IFA, infected HFFs were fixed with 3.5% formaldehyde, quenched with 
100 mM glycine, and blocked and permeabilized in 3% bovine serum albumin 
(BSA) and 0.2% Triton x-100 (TX-100) in PBS. Samples were then incubated with 
primary antibodies in PBS/3% BSA/0.2% TX-100 for one hour, washed five times 
with PBS, and incubated with Alexa Fluor conjugated secondary antibodies in 
PBS/3% BSA for one hour. Coverslips were washed with PBS and mounted on 
glass slides with 3 µL DAPI containing Vectashield. For 3D-SIM microscopy 
coverslips were stained with a liquid DAPI solution in PBS, washed, and inverted 
on a glass slide with Vectashield mounting medium without DAPI. Image 
acquisition and processing was performed on either a Nikon Eclipse 80i 
microscope with NIS-Elements AR 3.0 software or a Leica DMI6000 B microscope 
with LAS X 1.5.1.13187 software. 3D-SIM was performed utilizing the OMX 3D-
SIM super-resolution system located within the Light Microscopy Imaging Center 
at Indiana University Bloomington 
(http://www.indiana.edu/~lmic/microscopes/OMX.html). The system is equipped 
with four Photometrics Cascade II EMCCD cameras that permit imaging four colors 
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simultaneously and is controlled by DV-OMX software. Images processing was 
completed using the Applied Precision softWoRx software. 
 Primary antibodies used in this study included rabbit anti-HA (Cell Signaling 
Technology), rabbit anti-myc (Cell Signaling Technology), rabbit polyclonal 
antibody against the MORN1 protein (71), mouse monoclonal antibody 5F4 
(detects F1B ATPase, P. Bradley, unpublished), and rabbit anti-acetyl-K40-α-
tubulin (EMD Millipore ABT241), all used at 1:1,000, with the exception of 5F4 
which was used at 1:5,000. Secondary antibodies included Alexa Fluor 594 or 
Alexa Fluor 488 conjugated goat anti-rabbit and goat anti-mouse (Invitrogen), all 
used at 1:2,000.  
 
Phenotypic characterization of parasite strains 
For drug effects on mitochondrial morphology infected HFFs on coverslips 
were vehicle or drug treated with monensin (1 ng/mL), atovaquone (100 nM), 
pyrimethamine (1 µM), or myxothiazol (50 ng/mL) for 12 hours. To allow for 
recovery, drug medium was washed away and replaced with normal growth 
medium for an additional 12 hours. IFA was performed as above using F1B ATPase 
antibodies to monitor the mitochondrion. Samples were blinded and at least 100 
vacuoles per sample were inspected. Experiments were performed in 
experimental and biological triplicates. 
Plaque and doubling assays were performed with 12-well plates using 
standard methods (72). Briefly, for the plaque assays 500 freshly egressed 
parasites were added to confluent HFF monolayers. After four days of incubation, 
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cultures were fixed with methanol for 5 minutes and stained with Crystal Violet. 
Plaques were imaged using a ProteinSimple imaging system and number of 
plaques were counted on a light microscope. Experiments were performed in 
experimental and biological triplicates. LMF1-HA-DD parasites maintained in 
50nM SHLD-1 were allowed to infect cells grown in 12-well tissue culture plates at 
a concentration of 500 parasites per well for two hours. After the two-hour invasion 
period, wells were washed four times with warm PBS and media was replaced with 
media containing 0, 50, 150, and 300nM SHLD-1. Plates were left untouched for 
six days before fixation and visualization. These experiments were done in 
experimental triplicate and biological quadruplicate. 
Mitochondrial morphology was quantitated by counting the number of 
lassoed, sperm-like, and collapsed mitochondrion for approximately 100 parasites, 
along with vacuoles that contained amitochondriate parasites or extraparasitic 
mitochondrial material. These results are shown as a percentage of total parasites 
and was repeated for biological triplicates. LMF1-HA-DD mitochondrial 
morphologies in 0, 50, 150, and 300nM SHLD-1 were quantitated as the 
percentage of parasites with these morphologies over ten fields of view for three 
replicates. 
 
Yeast two-hybrid screening 
Yeast two-hybrid screening was performed by Hybrigenics Services, 
S.A.S., Paris, France (http://www.hybrigenics-services.com). The coding 
sequence for Fis1 (aa 2-118; XM_018781322.1) was PCR-amplified and cloned 
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into pB66 as a C-terminal fusion with the Gal4 DNA-binding domain (Gal4-Fis1). 
The construct was checked by sequencing and used as a bait to screen a random-
primed Toxoplasma cDNA library constructed into pP6. pB66 derives from the 
original pAS2∆∆ vector (73) and pP6 is based on the pGADGH plasmid (74). 46 
million clones (5-fold the complexity of the library) were screened using a mating 
approach with YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mata) and CG1945 
(mata) yeast strains as previously described (73). 247 His+ colonies were selected 
on a medium lacking tryptophan, leucine, and histidine. The prey fragments of the 
positive clones were amplified by PCR and sequenced at their 5’ and 3’ junctions. 
The resulting sequences were used to identify the corresponding interacting 
proteins in the GenBank database (NCBI) using a fully automated procedure. A 
confidence score (PBS, for Predicted Biological Score) was attributed to each 
interaction as previously described (75).  
To determine interactors of LMF1 by Y2H, the coding sequencing of full 
length LMF1 (aa 1-452) was sent to Hybrigenics Services for the same screening 
as done for Fis1. The bait was analyzed and generated 257 positive clones over 
96 million interactions through selection in 0.5mM 3-Aminotriazol (76, 77). 
 
Immunoprecipitation assays 
To confirm the results of the Fis1 yeast two-hybrid screening, we performed 
one immunoprecipitation assay using RHΔhpt+HAFis1, with the parental RH∆hpt 
parasites as a negative control. Extracellular parasites from 10 T175 culture flasks 
per strain were spun down, washed twice with cold PBS, and resuspended in 
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Pierce Co-IP Lysis buffer (Fisher Scientific) with Protease/Phosphatase Inhibitor 
Cocktail (100X, Cell Signaling Technology). After one hour of lysis at 4°C, the 
samples were sonicated three times for 15 seconds, with one-minute rest period 
between each sonication. After sonication, samples were pelleted and the 
supernatant transferred to Pierce
TM
 Anti-HA Magnetic Beads (Fisher Scientific). 
Samples were placed on a rocker at 4°C for 2.5 hours before beads were washed 
once with Pierce Co-IP Lysis buffer and twice with PBS. Beads were resuspended 
in 8M urea and sent for LC/MS-MS analysis. Results were narrowed down to 
proteins that had at least 4 peptides in the RH∆hpt+HAFis1 sample and none in 
the RH∆hpt control. This shortened list was then compared to the list of putative 
interactors obtained through yeast two-hybrid.  
The above was repeated with LMF1-HA to determine interactors, with the 
following modifications. RH∆ku80 was used as the control line since it is the 
parental strain for the LMF1-HA parasites. This was repeated three times and the 
total number of peptides for each putative interactor were summed and divided by 
the number of peptides in the control sample to yield the fold change. Proteins that 
had a fold change of 4 or greater and less than 4 peptides in the control samples 
are listed in Table 5. 
Parasites were co-tagged with LMF1-HA and IMC10-myc to confirm 
interaction by reciprocal co-immunoprecipitation. Briefly, one T175 flask of 
intracellular LMF1-HA+IMC10-myc parasites were scraped into PBS and washed 
before resuspending the sample pellet in Pierce Co-IP Lysis Buffer (Fisher 
Scientific) with Protease/Phosphatase Inhibitor cocktail, as described above. After 
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sonication, samples were incubated in Pierce
TM
 Anti-HA magnetic beads for two 
hours at 4°C before washing the beads and eluting the bound protein by boiling 
the beads in 1X Laemmli Sample Buffer with 5% BME. Samples collected from the 
input solution (before beads), unbound (after incubation with beads), and wash 
(first wash in lysis buffer) were also resuspended to a final concentration of 1X 
Laemmli Sample Buffer with 5% BME. Samples were then used for Western 
blotting to probe for both HA and myc signal. 
 
Western blot analysis 
Extracellular parasites were pelleted and resuspended in 2X Laemmli 
Sample Buffer (Bio-Rad) with 5% 2-mercaptoethanol (Sigma-Aldrich). Samples 
were boiled for 5 minutes at 95°C before separation on a gradient 4-20% SDS-
PAGE gel (Bio-Rad). Samples were then transferred to nitrocellulose membrane 
using standard methods for semi-dry transfer (Bio-Rad). Membranes were probed 
with rabbit anti-HA (Cell Signaling Technologies), mouse anti-c-myc (Cell 
Signaling Technologies), or mouse anti-SAG1 (Thermo Fisher) at a dilution of 
1:5000 for 1 hour. Membranes were then washed and probed with either goat anti-
mouse horseradish peroxidase or goat anti-rabbit horseradish peroxidase (Sigma-
Aldrich) at a dilution of 1:10000 for 1 hour (GE Healthcare). Proteins were detected 
using SuperSignal West Femto substrate (Thermo Fisher) and imaged using the 
FluorChem R system (Biotechne). All original western blots are shown in 
supplemental dataset 2. 
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 For comparative analysis of LMF1 protein levels in RH∆ku80:Fis1∆TM 
parasites to that of RHΔku80, parasites were centrifuged and washed once with 
PBS. Parasites were counted using a hemocytometer and the parasite pellets were 
resuspended at appropriate volumes to equilibrate the concentration of parasites. 
The subsequent immunoblots were then probed for anti-SAG1 as a loading control. 
ImageJ was used for densitometry analysis of the detected protein band and 
compared to SAG1 signal. The ratio of LMF1 protein levels (normalized to the 
SAG1 levels in the same sample) of RH∆ku80:Fis1∆TM to RH∆ku80 was 
determined and represented as a percentage. These were done in biological 
triplicate and the described percentage is an average of these replicates. These 
methods were also performed for LMF1-HA-DD parasites maintained in 0, 150, 
and 300nM SHLD-1 for two passages before collection. Levels of LMF1 were 
compared to SAG1 levels in each sample using densitometry and ImageJ analysis. 
 In order to analyze the potential interaction between LMF1 and IMC10, 
samples from reciprocal co-IP experiments split into two and were run on a gel, as 
described above. The two resulting blots were either probed for rabbit anti-HA, to 
identify the presence of LMF1, or mouse anti-myc to observe IMC10. Because 
mouse antibody was used for IMC10, the heavy and light chain are visible on the 
Western blot (Fig. 22B) at 50 kDa and 25 kDa, respectively.  
 
Transmission electron microscopy 
 To observe the ultrastructural defects seen in the LMF1 knockout parasites, 
both wildtype (RH∆ku80)- and knockout (∆lmf1)-infected host cells were sectioned 
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and analyzed by transmission electron microscopy (TEM). Briefly, samples were 
fixed with 2.5% glutaraldehyde in 0.1 mM sodium cacodylate 24 hours post-
infection. After fixation, samples were incubated in 1% (w/v) osmium tetroxide and 
2% (w/v) potassium ferrocyanide for one hour at 4°C. These samples were then 
extensively dehydrated in ethanol before embedding in an epoxy-resin mix. These 
sections were stained first with 3% (w/v) uranyl acetate in water, followed by lead 
citrate, before being examined with a Philips CM120 EM (Eindhoven, the 
Netherlands) under 80 kV(78). 
 
Statistical analysis 







Table 1. Primers used in this study  
Use Primer # Name Primer Sequence 
Split N-terminal 
HA tag  1 RC #1 GTTTTTTGACGAGTATGCATATGTATCCTTACGATGTTCC 
Ectopically 
express HA-Fis1  
2 RC #2 CGATGTTCCAGATTATGCCGAAGACTCCAACTTCAG 
3 RC #3 GCACAACGGTGATTAATTAATTATTTTGATAGCGTCCACAA 
Ectopically 
express HA-
Fis1ΔTM   
4 RC #4 CGATGTTCCAGATTATGCCGAAGACTCCAACTTCAG 




6 RC #6 ACTGGAGTCGGTTTTAGAGCTAGAAATAGCAAG 





myc, HA, or HA-
DD 
8 TgME49_265180 Tag.FOR TTCCAATCCAATTTAATTAATGAGTACGCAGTGAGCCTTCG 







10 FIP1 EE.HA.DHFR.FOR TTCCAATCCAATTTAATTAATTATCTCCTTTGCGGACGCTAGG 
11 FIP1 no SID.REV CCACTTCCAATTTTAATTAACTGCTTCGCGTCACTGC 
Knockout of 
TGGT1_265180 
coding sequence  
12 Fis1.KO.5UTR.FOR CGGTATCGATAAGCTTTTTTCGTTGAATCATATCCGCTTTGTCT 
13 Fis1.KO.5UTR.REV CGTGCTGATCAAGCTTTCTCGTACAGTGCTCACAAAAAACGC 
14 Fis1.KO.3UTR.FOR AGTTCTAGAGCGGCCGCATGGCGCCCCGGTTATCGGCTG 






16 Fis1 KO P1.FOR TCAAGCAGACGGAGAGGC 
17 Fis1 KO P1.REV CGACGGACTGTCCATACGT 
18 Fis1 KO P2-3.FOR CAACTCACTGACCGCGGT 
19 Fis1 KO P3.REV CAGAAGGGCTGTTGCGAG 
Targeting to 
Ku80 site 
20 IMC2A-CmR [Ku80].F 
GTCCCCGGTTCGCCTCAGCACACACACACATGACGTACATCGAAGCT
GGGTACCCTGTACTTCC 




tag IMC10 with 
myc using 
CRISPR/Cas9 
22 IMC10.Cas9.myc. FOR 
GCCAGCGGAGTAGGATTGGGCGAAGAGGCACAGATCAGCGCCTTAA
TTAAAATTGGAAGTGGAGG 
23 IMC10.Cas9.myc. REV 
CATGCCCTGTCCCTAAAAATTAGTTCCCTTTCTCAGTTGTAGGTTTTC
CCAGTCACGACG 
24 IMC10.Q5.FOR ACAACACACAGTTTTAGAGCTAGAAATAGC 




26 FIP1 cDNA.FOR TTCCAATCCAATTTAATTAAATGGATGCGGTGATGGTTGT 






28 287980.Cas9.HA. FOR 
GACGAGGCACCCGAGGGGATGGAAAAACGGGAGGACGAGGCGTTA
ATTAAAATTGGAAGTGGAGG 
29 287980.Cas9.HA. REV 
CACAGGCGTCAGATGCATCTCTCCTGCTTCTTGTGGTGACTGGTTTT
CCCAGTCACGACG 
30 287980.Q5.FOR TTCGTCATCGGTTTTAGAGCTAGAAATAGC 






32 224270.Cas9.HA. FOR 
CACACACAGCGTGTCTGAGGAATGCCACCAACGCACTTTGGTTAATT
AAAATTGGAAGTGGAGG 
33 224270.Cas9.HA. REV 
GTCTCTCATCTCAGCATTCTCTCTTCCGCTCGTTCAGCTGGTTTTCCC
AGTCACGACG 





35 224270.Q5.REV TTTCTCTTTCAACTTGACATCCCCATTTAC 
All sequences are 5’ to 3’. * Used TgME49_265180 Tag.REV as the reverse primer for ectopic expression of 265180-HA.
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Chapter 3: Results 
Fis1 and its interactors 
Mislocalization of the endogenous Fis1 results in a dominant negative 
phenotype in terms of mitochondrial morphology. We hypothesize that this is the 
result of mislocalization of Fis1 interactors required at the mitochondrion for normal 
morphology. To identify these potential interactors, we employed a Yeast Two-
Hybrid (Y2H) interaction screen. Using full-length Fis1 as bait, 46 million clones 
were screened for Y2H interaction and 247 were selected for identification. The 
putative interactors were then given a confidence score based on the likelihood of 
interaction with Fis1 (76, 77). This resulted in 24 potential interactors with a global 
Predicted Biological Score (PrBS) from A (highest confidence) to D (lowest 
confidence) (76, 77) (Table 2).  
Of these putative interactors, we identified three that may be of interest 
based on predicted domains and functions. The first is TGGT1_224270, which is 
a hypothetical protein that had a PrBS of C (good confidence of interaction), is 
predicted to have three WD40 domains and two transmembrane domains. WD40 
domains contain approximately 40 amino acids and generally terminate these 
regions with tryptophan (W) and aspartate (D) dipeptide to form propeller-like b-
sheets (79). WD40 domains function in numerous cellular processes, but are most 
commonly seen in protein-protein or protein-DNA interactions. Fis1 adaptor 
proteins in yeast commonly contain these domains and, for that reason, we 
decided that TGGT1_224270 warranted further investigation (58, 59). We 
endogenously tagged the C-terminus with a triple hemagglutinin tag and DHFR 
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resistance cassette. The resulting parasites showed mitochondrial localization of 
this putative Fis1 interactor (Figure 9A). 
A second interesting interactor is TGGT1_287980, which is designated as 
a putative FHA-domain containing protein on ToxoDB. This protein is predicted to 
have a forkhead-associated domain (FHA), which can be found in many regulatory 
proteins (80). These domains recognize phosphopeptides and has been found to 
modulate various signaling mechanisms and may also be involved with protein-
protein interactions with phosphorylated residues (80). For these reasons, we also 
decided to tag TGGT1_287980 using similar methods of tagging used above. 
Interestingly, TGGT1_287980 was found to localize to the IMC in both the daughter 
and mother parasites (Figure 9B). The last interactor that we investigated further 
is TGGT1_304990, which has a PrBS of D and a CRISPR fitness score of -5.5, 
indicating moderate confidence of interaction with Fis1 and essentiality for parasite 
survival, respectively. In addition to 4 transmembrane domains, TGGT1_304990 
has a predicted guanylate-binding domain and coiled-coil domain. Guanylate-
binding domains are found within proteins in the dynamin superfamily and 
mechanistically are involved with membrane remodeling and scission (81). As 
stated earlier, Toxoplasma has 3 predicted Drps that do not appear to have 
involvement in mitochondrial division. Therefore, it is possible that TGGT1_304990 
could act as a noncanonical dynamin for mitochondrial division. Current attempts 
to tag this protein have identified it as an ER-resident protein, which is corroborated 




Table 2. Putative Fis1 interactors determined by Y2Ha 
ToxoDB Gene ID Product Description Global PrBSb 
CRISPR 
Scorec 
TGME49_215520 hypothetical protein A 0.61 
TGME49_218560 acetyl-coA carboxylase ACC2 B -3.06 
TGME49_222800 glycogen synthase, putative B -0.70 
TGME49_265180 hypothetical protein B -1.65 
TGME49_224270 hypothetical protein C -3.75 
TGME49_293840 hypothetical protein C -3.62 
TGME49_201390 hypothetical protein D 1.86 
TGME49_226050 hypothetical protein D 0.13 
TGME49_237015 hypothetical protein D 2.40 
TGME49_246720 hypothetical protein D 0.24 
TGME49_247700 AP2 domain transcription factor AP2XII-4 D -5.12 
TGME49_284620 hypothetical protein D -1.02 
TGME49_286470 AGC kinase D -1.74 
TGME49_287980 FHA domain-containing protein D -3.15 
TGME49_297770 hypothetical protein D -0.56 
TGME49_299670 hypothetical protein D 0.35 
TGME49_304990 guanylate-binding protein, N-terminal domain-containing protein D -5.50 
TGME49_321370 hypothetical protein D -2.58 
TGME49_321450 Myb family DNA-binding domain-containing protein D -4.21 
a Proteins that also appear in the Fis1 immunoprecipitation experiments are highlighted in orange and those that also 
appeared in the Fis1 Y2H are highlighted in green. 
b Predicted biological score (PrBS) are confidence scores, with A indicating the highest confidence of interaction and D 
being the lowest confidence of interaction (73, 77). 
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c CRISPR Score from genome-wide screen with phenotype scores ranging from approximately -7 (essential) to 3 
(dispensible) (83). 
 
Table 3. Potential Fis1 interactors determined by immunoprecipitationa 
ToxoDB 







(p < 0.05) 
TGGT1_263323 Fis1 35 INF < 0.00010 
TGGT1_241170 hypothetical protein 32 INF < 0.00010 
TGGT1_248520 hypothetical protein 31 INF < 0.00010 
TGGT1_265180 LMF1 28 INF < 0.00010 
TGGT1_305270 hypothetical protein 17 INF < 0.00010 
TGGT1_356400 cAMP-dependent protein kinase 7 INF 0.0015 
TGGT1_410610 hypothetical protein 11 INF < 0.00010 
TGGT1_227850 peptidyl-prolyl cis-trans isomerase, cyclophilin-type domain-containing protein 10 INF < 0.00010 
TGGT1_305940 peptidyl-prolyl cis-trans isomerase, cyclophilin-type domain-containing protein 7 INF 0.0015 
TGGT1_211670 S1 RNA binding domain-containing protein 7 INF 0.0015 
TGGT1_212090 hypothetical protein 6 INF 0.0039 
TGGT1_213670 hypothetical protein 6 INF 0.0039 
TGGT1_210370 hypothetical protein 4 INF 0.025 
TGGT1_225150 hypothetical protein 4 INF 0.025 
TGGT1_274060 2-oxoglutarate/malate translocase OMT 4 INF 0.025 
TGGT1_244840 zinc knuckle domain-containing protein 4 INF 0.025 
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TGGT1_320490 N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D family protein 3 INF 0.062 
TGGT1_284560 ribosomal protein RPL9 3 INF 0.062 
TGGT1_266470 hypothetical protein 3 INF 0.062 
TGGT1_228170 GRA44 3 INF 0.062 
TGGT1_227560 putative IWS1 transcription factor 2 INF 0.16 
TGGT1_204050 subtilisin SUB1 2 INF 0.16 
TGGT1_320020 transporter, major facilitator family protein 2 INF 0.16 
TGGT1_314750 hypothetical protein 2 INF 0.16 
TGGT1_203630 ribosomal protein RPL44 2 INF 0.16 
TGGT1_312622 DUF803 domain-containing protein 2 INF 0.16 
TGGT1_232350 lactate dehydrogenase LDH1 2 INF 0.16 
TGGT1_210095 hypothetical protein 14 14 < 0.00010 
TGGT1_410590 cAMP-dependent protein kinase 11 11 0.00028 
TGGT1_210095 hypothetical protein 10 10 0.00066 
TGGT1_215775 rhoptry protein ROP8 14 7 0.00011 
TGGT1_252360 rhoptry kinase family protein ROP24 (incomplete catalytic triad) 14 7 0.00011 
TGGT1_227810 rhoptry kinase family protein ROP11 (incomplete catalytic triad) 27 6.8 < 0.00010 
TGGT1_209985 cAMP-dependent protein kinase 13 6.5 0.00024 
TGGT1_262960 putative U1 snRNP-associated protein Usp106 25 6.2 < 0.00010 
TGGT1_231080 ribosomal protein RPL38 6 6 0.018 
TGGT1_290700 hypothetical protein 5 5 0.039 
TGGT1_309120 ribosomal protein RPL4 4 4 0.084 
TGGT1_226240 putative bud site selection protein 4 4 0.084 
TGGT1_289690 glyceraldehyde-3-phosphate dehydrogenase GAPDH1 4 4 0.084 
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a Fis1, the bait protein, is highlighted in blue. Proteins that also appeared in the Fis1 Y2H are highlighted in orange. 
b Fold change was determined by dividing the total peptides of each putative interactor in the HAFis1 sample by the control 
sample. INF fold change indicates there were no peptides in the control sample. 




Figure 9. Localization of putative Fis1 interactors. To determine the 
localization of two putative interactors, each was tagged at their C-termini with a 
3xHA epitope tag and DHFR drug resistance cassette. (A) TGGT1_224270 was 
tagged and is shown in green to co-localize with F1B ATPase (red), indicating 
mitochondrial localization. (B) TGGT1_287980 was found to localize to the IMC, 
which is corroborated by the IMC3 costaining. The top panel shows 
TGGT1_287980 (green) in nondividing parasites, with localization to the mother 
parasite IMC and the residual body. In dividing parasites (second panel), 
TGGT1_287980 also colocalizes with the forming daughters and residual body. 
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To narrow down these putative interactors, we immunoprecipitated the 
exogenous HA tagged Fis1 using HA conjugated beads and analyzed the 
precipitated complex by mass spectroscopy. As a control, we used the parental 
RHΔhpt strain, which does not express the hemagglutinin tag. Through this 
analysis, we identified 11 putative interactors that had at least 5 peptides in the 
Fis1 sample and no peptides in the control sample (Table 3). Among these only 
one was also identified in the Y2H interaction screen, TGGT1_265180. 
 
Localization of TGGT1_265180 
To determine the localization of TGGT1_265180, we introduced a C-
terminal myc epitope tag to the endogenous gene. IFA assays of the resulting 
strain show that, like Fis1, TGGT1_265180 is localized to the mitochondrion of 
intracellular parasites and persists during parasite division (Fig. 11A and B). To 
determine whether it was localized within the mitochondrion or associated with the 
outer mitochondrial membrane, we performed IFA after permeabilization with 
various concentrations of digitonin, a detergent, using detection of F1B ATPase to 
monitor mitochondrial permeabilization (Fig. 11C). When using 0.01% digitonin we 
can detect both F1B ATPase and TGGT1_265180 (Fig. 11C). By contrast, using 
0.005% digitonin allows for detection of TGGT1_265180 but not F1B ATPase. This 
result mimics what is seen with Fis1 (Fig. 10) and thus, like Fis1, TGGT1_265180 
likely associates with the outer mitochondrial membrane (OMM) and faces the 
cytoplasm of the parasite (Fig. 11C). Association with the OMM was confirmed by 
treatment with monensin. After treating TGGT1_265180(myc) expressing 
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parasites with monensin, we observed a similar pattern to that of Fis1 in which 
fragments containing the IMM marker F1B ATPase are surrounded and connected 
by TGGT1_265180 (Fig. 11D). Thus, TGGT1_265180 localizes to the OMM as 
expected for a bona fide interactor of Fis1. 
 
 
Figure 10. Fis1 localizes to the OMM by partial permeabilization. Intracellular 
parasites of the HA-Fis1 expressing strain were fixed and permeabilized with 
either 0.005% or 0.01% digitonin before staining for the IMM protein F1B ATPase 
(green) and HA (red). Fis1 can be detected when F1B ATPase remains 




Figure 11. Fis1 interactor TGGT1_265180 localizes to the outer 
mitochondrial membrane. To investigate the localization of TGGT1_265180, 
we introduced sequences encoding an N-terminal myc tag to the endogenous 
locus. (A) Intracellular parasites of the TGGT1_265180(myc)-expressing 
strain were stained for mitochondrial F1B ATPase (red) and myc (green). (B) 
Intracellular parasites of the same strain were stained for myc (green) and 
acetylated tubulin (red), which clearly demarcates daughter parasites during 
division. (C) Intracellular parasites of the TGGT1_265180(myc)-expressing 
strain were fixed and permeabilized with either 0.005% or 0.01% digitonin 
before staining for the IMM protein F1B ATPase (red) and myc (green). 
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TGGT1_265180 can be detected when F1B ATPase remains inaccessible to 
the antibodies, suggesting that it is associated with the OMM. (D) 
TGGT1_265180(myc) parasites were treated with 5 mM monensin for 5-h. 
Mitochondrial morphology was monitored by IFA for TGGT1_265180(myc) 
(green) and F1B ATPase (red). Bars, 2 µm (61). 
 
 
Localization of TGGT1_265180 is partially dependent on proper Fis1 
localization 
Despite its association with the OMM, TGGT1_265180 has no predicted 
trans-membrane domains or posttranslational modifications that would suggest 
membrane interaction. Therefore, we hypothesize the localization of 
TGGT1_265180 occurs via protein-protein interaction. To test this idea, we 
transfected parasites with an ectopic copy of either full length or truncated 
TGGT1_265180 carrying a C-terminal HA epitope tag and under the control of the 
TGGT1_265180 promoter (Fig. 12A). The truncated form lacks the C-terminal 92 
amino acids, which represent the region of the protein that was identified through 
the Y2H screen as interacting with Fis1, referred to as the Selected Interaction 
Domain (SID). As expected, the full-length ectopic copy localized to the 
mitochondrion (Fig. 12A). However, deletion of the SID resulted in the 
mislocalization of the protein to the cytoplasm (Fig. 12A). These data indicate that 
the C-terminal SID is necessary for proper mitochondrial localization.  
To investigate if localization of TGGT1_265180 to the mitochondrion is 
mediated through an interaction with Fis1, we added a myc epitope tag to the 
endogenous TGGT1_265180 in the strain in which Fis1 lacks its TM 
(RHΔku80:Fis1ΔTM) and is mislocalized to the cytoplasm. In this strain, 
TGGT1_265180 does not colocalize with the mislocalized Fis1 but appears to 
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accumulate towards the basal end of the parasites in a pattern that does not 
resemble normal mitochondrial localization (Fig. 12B). To further analyze the 
localization of TGGT1_265180 in the RHΔku80:Fis1ΔTM parasite line, we co-
stained for F1B ATPase (Fig. 12C). While we observed some overlap between the 
TGGT1_265180 and F1B ATPase signals, TGGT1_265180 was also detected 
away from the mitochondrion (Fig. 12C, white arrows). Interestingly, we observed 
that the TGGT1_265180(myc) signal, as detected through IFA, appeared to be 
much weaker in the Fis1ΔTM strain than in the parental one (Fig. 12C). To 
quantitate this observation, we performed Western blots from both strains probing 
for TGGT1_265180(myc) (Fig. 12D). This analysis corroborated that indeed the 
levels of endogenous TGGT1_265180 are significantly reduced when Fis1 is no 
longer localized to the mitochondrion (Fig. 12D). We quantitated the levels of 
TGGT1_265180 in both strains with densitometry of three independent Western 
blots using the surface antigen SAG1 as a loading control and determined that the 
level of TGGT1_265180 in the RHΔku80:Fis1ΔTM is 23.2+8.7% of that in the 
parental strain. In conjunction, these results indicate that TGGT1_265180 
associates with the mitochondrion via its C-terminus and that its localization and 
stability is at least in part dependent on Fis1.  
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Figure 12. Association of TGGT1_265180 with the mitochondrion depends 
on Fis1. To investigate how TGGT1_265180 associates with the mitochondrion, 
we tested the roles of its C terminus and Fis1 on its localization. (A) Parasites 
were transfected with an exogenous copy of C-terminally HA-tagged wild-type 
TGGT1_265180 or with N-terminally HA-tagged TGGT1_265180 lacking the 
selected interaction domain (SID). The SID is the region of TGGT1_265180 that 
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was identified as interacting with Fis1. Intracellular parasites expressing 
TGGT1_265180-HA (left) or TGGT1_265180ΔSID-HA (right) were stained for 
HA. (B) Intracellular Fis1ΔTM-HA parasites expressing an endogenous copy of 
C-terminally myc-tagged TGGT1_265180 were probed for HA to detect Fis1 
(red) and for myc to detect TGGT1_265180 (green). (C) Wild-type or Fis1ΔTM-
HA parasites endogenously expressing TGGT1_265180-Myc were stained for 
F1B ATPase (red) and myc (green) to monitor localization of TGGT1_265180. 
Bars, 2 µm. (D) Representative Western blot of extract from wild-type (WT) and 
Fis1ΔTM parasites expressing TGGT1_265180-Myc probed for myc (top blot) 
and SAG1 (bottom blot) as a loading control (61). 
 
TGGT1_265180 knockout affects parasite fitness in tissue culture  
Based on a genome-wide CRISPR screen, TGGT1_265180 was assigned 
a relative fitness phenotype score of -1.65, which indicates that, while its absence 
would negatively affect parasite fitness, it is likely not essential, making its genetic 
disruption possible (83). Accordingly, we employed double homologous 
recombination to replace the coding sequence of TGGT1_265180 with a drug 
selection marker and confirmed proper integration of the knockout construct by 
PCR (Fig. 13A and B). To test the effect of the knockout on parasite propagation 
we used a standard growth assay in which the same number of either parental or 
mutant parasites were allowed to infect human fibroblasts and form plaques over 
a five-day period. We observed a significant propagation defect in the Δ265180 
parasites, which manifests in both less and smaller plaques in comparison to the 
parental strain. To quantitate this defect, we counted the number of plaques 
formed by the parental and knockout strains in three separate experiments each 
with experimental triplicates (Fig. 13C). The average number of plaques by the 
Δ265180 was 30.2+9.0% of that detected for the parental strain.  
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Figure 13. Knockout of TGGT1_265180 affects parasite propagation. To 
investigate the role of TGGT1_265180 in parasite fitness, we established 
knockout and complemented strains. (A) Schematic of strategy implemented to 
disrupt the TGGT1_265180 by replacing the coding sequences by the selectable 
marker HPT. On top is the vector used to drive the gene replacement, which 
includes HPT flanked by areas of homology to the TGGT1_265180 locus (dark 
gray boxes) and a downstream copy of GFP that is not integrated upon the 
desired double homologous recombination and can be used as a negative 
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selectable marker. Endogenous TGGT1_265180 is depicted in the middle with 
coding sequences represented by a black box. The bottom drawing shows the 
expected result from gene replacement in the knockout strain. P1, P2, and P3 
indicate the PCR amplicons that were used to confirm integration. P1 would be 
detected only from parental parasites, P2 only from knockout parasites, and P3 
from both. (B) PCR products from reactions to detect P1, P2, and P3 in the 
parental strain and the established Δ265180 clone. (C) Average number of 
plaques per well for either parental or knockout strains after 4-day incubation 
period. Plaque assays were done in biological and technical triplicates, with error 
bars representing SD. Statistical analysis was performed by Student’s t-test 
(****, p<0.0001). (D) Diagrams depict the two constructs used for 
complementation: TGGT1_265180-HA and TGGT1_265180ΔSID-HA. SID is 
the selected interaction domain identified through the two-hybrid screen. (E) 
Representative Western blot of a strain in which the endogenous 
TGGT1_265180 includes a HA epitope tag (parental [Par]), and the knockout 
strain complemented with wild-type TGGT1_265180-HA (KO comp WT) or with 
TGGT1_265180ΔSID-HA (KO comp ΔSID) probed for HA (top blot) and for 
SAG1 (bottom blot) as a loading control. (F) Average number of plaques per well 
for each strain after 4-day incubation period. Plaque assays were done in 
biological and technical triplicates, with error bars representing SD. Statistical 
analysis was performed by one-way ANOVA (****, p<0.0001; **, p<0.0019; n.s., 
not significant) (61). 
 
 
To confirm that the phenotype observed was due to the disruption of the 
target gene and not a secondary effect, we complemented the Δ265180 strain with 
an exogenous copy of the TGGT1_265180 including a C-terminal HA epitope tag 
driven by its own promoter. As the knockout strain lacks Ku80 and does not 
effectively allow for random integration, the exogenous copy was directed to the 
remnants of the Ku80 locus using CRISPR/Cas9. In addition to complementing 
with the wildtype TGGT1_265180, we transfected the knockout strain with the 
truncated version TGGT1_265180∆SID, which does not localize to the 
mitochondrion (Fig. 13D). Western blot showed that both complemented strains 
expressed proteins of the expected size (Fig. 13E). Interestingly, while the wildtype 
complement expression level is similar to that of the endogenous levels, the 
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truncated copy appears to be expressed at a much higher level (Fig. 13E). Plaque 
assays of both the Δ265180+265180(HA) and Δ265180+265180∆SID(HA) strains 
were performed in parallel to the knockout strain (Fig. 13F). The average number 
of plaques by the Δ265180+265180(HA) was 64.5+15.8, which is significantly 
higher than both the knockout and truncated complement strains (Fig. 13F). 
Δ265180+265180∆SID(HA) had a lower average number of plaques (21.6+8.0) 
than that of the knockout (38.8+15.3), but this difference was not statistically 
significant. These results indicate that proper localization of TGGT1_265180 is 
necessary to rescue the growth phenotype seen in tissue culture.  
 
TGGT1_265180 knockout disrupts the normal morphology of the 
mitochondrion 
As TGGT1_265180 is associated with the mitochondrion we assessed 
mitochondrial morphology in the knockout parasites. In intracellular parasites, the 
mitochondrion maintains what is referred to as a lasso shape that abuts the 
periphery of the parasite (Figs. 6 and 14A, top panel) (48). However, based on 
staining with antibodies against F1B ATPase, the mitochondrion of Δ265180 
parasites exhibit an altered mitochondrial morphology, with the bulk of the 
mitochondrial material concentrated at one end of the parasite (Fig. 14A). By 
contrast disruption of TGGT1_265180 did not affect the morphology of the 
apicoplast, rhoptries, or endoplasmic reticulum (Fig. 15). Introduction of the wild 
type TGGT1_265180 to the knockout strain complements the mitochondrial 
phenotype (Fig. 14B). In contrast, the truncated TGGT1_265180∆SID, which is not 
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localized to the mitochondrion, does not rescue the collapsed mitochondrion 
phenotype (Fig. 14C).  
 
Figure 14. Mitochondrial morphology is disrupted by the absence of 
TGGT1_265180. To determine the effect of TGGT1_265180 ablation on the 
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mitochondrion, knockout and complemented parasites were analyzed by IFA. 
(A) Intracellular parasites of the parental or Δ265180 strain were stained for F1B 
ATPase (green) to monitor mitochondrion and for acetylated tubulin (acTub) to 
detect the parasite cytoskeleton (red). (B and C) IFA of knockout parasites 
(Δ265180) transformed with either the wild-type [265180(HA)] or truncated 
[265180ΔSID(HA)] TGGT1_265180 with antibodies against F1B ATPase (red) 




Figure 15. Genetic ablation of TGGT1_265180 has no apparent effect on 
the apicoplast, rhoptries, or ER. Intracellular parasites of the parental and the 
∆265180 strains were stained with DAPI to visualized DNA and with antibodies 
against (A) ATRX1 to visualize the apicoplast, (B) Rop1 to visualize the 
rhoptries, and (C) SERCA to visualize the endoplasmic reticulum (61).  
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The phenotype of the knockout and the complemented strains was 
quantitated by determining the percentage of parasites with normal and abnormal 
mitochondrion morphology. Normally, the Toxoplasma mitochondrion retracts from 
the periphery of the parasite during egress and changes its morphology to what 
has been described as sperm-like and collapsed (48). Interestingly, we observed 
all three morphologies normally associated with extracellular parasites (lasso, 
sperm-like, and collapsed) in intracellular parasites of the Δ265180 strain (Fig. 
16A). With the parental strain, the proportion of mitochondrial morphologies in 
intracellular parasites is 84.7+2.1% lasso, 15.3+2.1% sperm-like, and 0% 
collapsed. By contrast, intracellular parasites of the Δ265180 strain, the 
mitochondrial distribution is 6.0+2.6% lasso, 50.0+2% sperm-like, and 44.0+4.4% 
collapsed (Fig. 16B). Just as it was the case for the plaquing phenotype, 
introduction of a wild type copy of TGGT1_265180 partly rescues the 
morphological phenotype with 48.5+4.4% of parasites exhibiting lasso-shaped 
mitochondrion, 49.2+3.9% sperm-like, and only 2.3+0.6% collapsed. Additionally, 
the truncated copy had a similar morphological distribution to that of the knockout 
strain (2.7+2.3% lasso, 56.0+10.1% sperm-like, and 41.4+12.4% collapsed) and 
was significantly different from the distributions of the parental and complement 
strains, which is consistent with defects seen in plaquing (Fig. 16B). Thus, 
TGGT1_265180 plays a crucial role in maintaining proper morphology of the 
mitochondrion. Consequently, we have dubbed this new gene Lasso Maintenance 
Factor 1 (LMF1).  
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Figure 16. Intracellular parasites lacking TGGT1_265180 do not maintain 
their mitochondrion in the lasso conformation. To determine the penetrance 
of the mitochondrial phenotype observed in the Δ265180 strain, the different 
morphological patterns observed were quantitated. (A) Intracellular parasites of 
the Δ265180 strain stained for F1B ATPase (green) and acetylated tubulin (red) 
exhibiting three distinct mitochondrial morphologies: lasso, collapsed, and 
sperm-like. Bar, 2 µm. (B) Percentage of parasites with each of the three 
different morphologies for the parental (par), knockout (Δ265180), and 
complemented [Δ265180+265180(HA) and Δ265180 +265180ΔSID(HA)] 
strains. Data are average of biological triplicates, at least 50 vacuoles per 
sample were inspected. Error bars are + SD. Statistics shown are ANOVA of 
percentage of parasites with lasso shape for each strain. ****, p<0.001; **, 
p<0.004; ##, p<0.003; %%, p<0.002; n.s., not significant. Bars, 2 µm (61). 
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Disruption of LMF1 results in defects in mitochondrial segregation between 
daughter parasites 
During our analysis of mitochondrial morphology in the LMF1 mutant strain 
we noted various aberrant phenotypes that likely relate to parasite and 
mitochondrial division. Toxoplasma divides through a process called 
endodyogeny, where two daughter parasites form within a mother parasite (10, 
15). This results in a doubling in the number of parasites in a vacuole after each 
round of replication. We noted that vacuoles of the LMF1 strain often had abnormal 
number of parasites (i.e. not 2, 4, 8, etc). We found that approximately 25.3+5.1% 
of vacuoles in Δ265180 parasites had odd numbers compared to 5.8+2.9% in 
wildtype parasites and 13.7+3.1% in the complemented strain (Fig. 17A). 
Interestingly, we also noticed numerous vacuoles in which some parasites lacked 
a mitochondrion based on absence of F1B ATPase staining (Fig. 17B, white 
arrows). When quantified, 16.2+4.0% of vacuoles contained at least one parasite 
that did not have mitochondrial material compared to 0.3+0.6% of RHΔku80 
parasites were amitochondriate (Fig. 17B). As with the other phenotypes, 
exogenous expression of wildtype LMF1 complemented the phenotype with 
6.0+1.7% of vacuoles containing amitochondriate parasites. In addition to 
amitochondriate parasites, disruption of LMF1 also results in an accumulation of 
mitochondrial material outside of parasites (Fig. 17C, white arrows). We 
determined that 30.9+4.0% of vacuoles had extraparasitic mitochondrial material, 
which is three times greater than that of the parental parasite line (10.6+3.2%). 
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Interestingly, this particular phenotype was not complimented, as 28.3+2.1% of 




Figure 17. Parasites lacking TGGT1_265180 exhibit various division-
related phenotypes. IFA of knockout parasites stained for F1B ATPase (green) 
and acetylated tubulin (red) reveal various aberrant phenotypes. (A) The images 
on the left show a Δ265180 vacuole containing five parasites rather than either 
four or eight as expected. The graph shows the percentage of vacuoles with 
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abnormal number of parasites for the three strains. (B) Images show vacuole 
with amitochondriate parasites (arrows) based on the absence of F1B ATPase 
signal. The graph shows the percentage of vacuoles with at least one 
amitochondriate parasite for each strain. (C) Images show a vacuole that 
contains parasites with F1B ATPase signal outside the parasite and within the 
parasitophorous vacuole (arrows). Bars, 2 µm. The graph shows the percentage 
of vacuoles with this phenotype. For all graphs, n=3 + SD with at least 50 
vacuoles per sample inspected. Statistical analysis was done with one-way 
ANOVA and a Tukey posthoc test. ***, p<0.0006; **, p<002; *, p<0.02; ##, 
p<0.006; %%, p<0.001; n.s., not significant (61).  
 
 
We hypothesize that these phenotypes (abnormal number of parasites, 
amitochondriate parasites, and extraparasitic mitochondria) are the result of 
aberrant segregation of the mitochondrion into the daughter cells during 
endodyogeny. Accordingly, we co-stained parental and knockout parasites for 
acetylated tubulin to detect daughter cells and for F1B ATPase to monitor the 
mitochondrion (Fig. 18). During the early (E) stages of division, wildtype parasite 
mitochondria surround the forming daughters (Fig. 18A, top panel). As 
endodyogeny progresses to an intermediate (I) stage, the mitochondrion remains 
excluded from the daughters (Fig. 18A, middle panel). When the daughters have 
almost fully formed (late (L) stages), branches of mother mitochondria incorporate 
into the daughter parasites before emerging from the mother (Fig. 18A, bottom 
panel). When LMF1 is disrupted, the mitochondrion does not have the typical lasso 
shape and appears to associate with one of the two daughters instead of 
surrounding both (Fig. 18B, top panel, E). As the daughters continue to form in the 
LMF1 deficient parasites, the mitochondrial material remains associated with one 
daughter or is completely excluded from the budding daughters (Fig. 18B, second 
panel, I). During the final stages of endodyogeny, some daughters seem to have 
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received mitochondrial material, whereas others have not. This correlates to an 
accumulation of mitochondrial material outside of the parasites (Fig. 18B, bottom 
three panels, L). Therefore, disruption of LMF1 leads to defects in mitochondrial 
segregation during endodyogeny, which agrees with the aberrant phenotypes 




Figure 18. TGGT1_265180 disruption results in mitochondrial segregation 
defects. To examine mitochondrial dynamics during parasite division, IFAs of 
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parasites during early (E), intermediate (I), and late (L) stages of endodyogeny 
were conducted. (A) IFAs of intracellular wild-type parasites. (B) IFAs of 
intracellular Δ265180 (also known as LMF1) knockout parasites. In both panels 
A and B, the stage of division was determined by DAPI staining (blue) and 
acetylated tubulin (red), which demarcate budding daughters. Mitochondrial 
morphology was observed by staining with F1B ATPase, shown here in green. 
Bars, 2 µm (61). 
 
Ultrastructural analysis of LMF1 knockout by EM 
 We have shown that LMF1 knockout causes defects in mitochondrial 
morphology and segregation with little observable defects in other organelles (Fig. 
19). However, we wanted to confirm these results and inspect the morphology of 
the mitochondrion of parasites lacking LMF-1 at the ultrastructural level. 
Accordingly, in collaboration with Dr. Isabelle Coppens at Johns Hopkins 
University, we performed transmission electron microscopy of parental and knock 
out parasites. Through this ultrastructural analysis we identified a number of 
defects in parasite and mitochondrial structure. One noticeable phenotype is the 
presence of elongated mitochondria (Fig. 19A, yellow arrows) or multiple 
mitochondrial fragments within each parasite (Fig. 19A, second panel). Defects in 
mitochondrial morphology were consistent throughout the knockout LMF1 
samples, but were not present in the parental RHΔku80 sections. These data 




Figure 19. Ultrastructural analysis of LMF1-deficient parasites reveals 
mitochondrial segregation errors, abnormal mitochondria, and 
endopolygeny. Transmission electron microscopy (TEM) of LMF1 knockout 
parasites showed a number of defects including (A) elongated mitochondria 
(demarcated by yellow arose) and multiple mitochondrial fragments (second 
panel) (B) endopolygeny (each parasite nucleus is indicated) and (C) 
mitochondrial material left within the residual body, demarcated by the yellow 
box and second panel. 
 
 In addition to the mitochondrial shape defects seen, there were also a 
number of defects in parasite division. One defect observed is the presence of 
more than two daughter parasites within a single mother parasite, called 
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endopolygeny (Fig. 19B). This abnormal number of daughter parasites may 
account for the increase in odd numbers of parasites per vacuole seen in LMF1 
knockout parasites (Fig. 17A). Additionally, a whole mitochondrion can be seen in 
the residual body of a vacuole in Figure 19C. This is reminiscent of the 
extraparasitic mitochondrial material that was observe by immunofluorescence in 
these parasites (Fig. 17C). Further analysis of these sections and gold labeling of 
LMF1 are needed to better understand how this protein, or lack thereof, is involved 
in the putative membrane contact site between the mitochondrion and the parasite 
pellicle. 
 
Conditional knockdown of LMF1 
 We were able to show that complete genetic ablation of LMF1 results in 
mitochondrial collapse and various division and growth defects. In order to better 
observe what happens when the mitochondrion retracts from the periphery upon 
loss of LMF1, we endogenously tagged LMF1 with an HA epitope tag and a 
destabilization domain (DD) to conditional regulate LMF1 levels. In the presence 
of a ligand called SHLD-1, this DD domain is stabilized and the protein is able to 
function normally. However, when SHLD-1 is taken away, the protein is sent for 
proteasomal degradation (Fig 20A). We applied this system LMF1 for in parasites 
that stably express SOD2-GFP, to demarcate the mitochondria, and IMC1-
TdTomato, to show the IMC. These SOD2-GFP IMC1-TdTomato parasites, 
generously provided to us by Dr. Diego Huet (70), allow to monitor mitochondrial 
morphology throughout the lytic cycle. After establishing the LMF1-HA-DD system 
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in the GFP/TdTomato-expressing strain we monitored the levels of protein and 
mitochondrial morphology in the parental strain and in the LMF1-HA-DD strain 
grown in 0, 50, 150 and 300 nM SHLD-1 (Fig.20B and C). LMF1-HA-DD parasites 
were maintained in their respective SHLD-1 concentrations for two passages 
before collecting samples for Western blot. After two passages in the absence of 
SHLD-1, LMF1 is very lowly expressed compared to parasites maintained in 
150nM and 300nM SHLD-1 (Fig. 20B). When compared to their respective loading 
controls, there is an apparent increase in protein levels as the SHLD-1 
concentration is also increased (Fig. 20B). We also examined the mitochondrial 
morphology of these parasites in either 0nM SHLD-1 or 150nM SHLD-1 and found 
that the absence of SHLD-1 causes mitochondrial collapse, whereas parasites 
maintained in 150nM are able to retain the lasso shape. Based on these data, we 
have shown that LMF1 is able to be conditionally regulated and its protein 
expression is dose-dependent on SHLD-1. 
Interestingly, the parental GFP/TdTomato-expressing parasites exhibit 
approximately half lasso mitochondria and half sperm-like (46.87+2.45% and 
50.21+4.08%, respectively), which is different than the parental RHΔku80 line (Fig. 
21A). This is possibly due to the large GFP tag on SOD2 causing interference in 
mitochondrial morphology. Nonetheless, we observe significant differences in 
mitochondrial morphology in the LMF1-HA-DD strain depending on the amount of 
SHLD-1 present. When comparing between parental and LMF1-HA-DD parasites 
at the four concentrations of SHLD-1 we found that both 0 and 50nM SHLD-1 had 
significantly lower levels of lasso mitochondria with only 4.72+5.19% and 
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17.08+7.99% of parasites having this morphology, respectively (Fig. 21A). This is 
significantly less than the parental, which exhibits 46.87+2.46% of parasites with 
lasso mitochondrion. The percentage of LMF1-HA-DD parasites with lasso 
mitochondrion is not significantly different from the parental when grown at 150nM 
and 300nM SHLD-1 (Fig. 21B). Thus, stabilization of LMF-1 by SHLD-1 recovers 
the normal morphology of the mitochondrion, which confirms the important role of 




Figure 20. Conditional knockdown of LMF1 causes a SHLD-1 dose-
dependent mitochondrial collapse and growth defect. (A) Schematic of 
LMF1 stabilization and degradation in the presence and absence of SHLD-1, 
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respectively. (B) Representative Western blot showing regulation of LMF1 levels 
by varying concentrations of SHLD-1. Graph shows the density of the HA band 
over the density of the respective SAG1 band of the Western blot above (n=1). 
(C) LMF1 depletion results in mitochondrial collapse, shown in green, with no 
effects on parasite pellicle structure, shown in red.  
 
 
Our previous data on Δlmf1 suggests that mitochondrial collapse results in 
defects in mitochondrial segregation and parasite fitness. Based on this, we 
performed plaque assays to determine if altering levels of LMF-1 with different 
concentrations of SHLD-1 affected parasite growth. Briefly, parasites of the LMF1-
HA-DD strain were maintained in 0nM, 50nM, 150nM, or 300nM SHLD-1 for three 
passages before the same number of parasites were allowed to invade a confluent 
monolayer. After the plate has incubated for six days, the plate was fixed and 
stained with crystal violet to show the intact monolayer compared to the unstained 
plaques. Our data showed that LMF1-HA-DD parasites in the absence of SHLD-1 
only disrupted 2.12+2.83% of the monolayer, which significantly differed from 
parasites maintained in 150nM SHLD-1 (12.93+9.20%) (Fig. 21B). Interestingly, 
parasites maintained in 300nM of the ligand showed decreased parasite growth 
compared to the 150nM, though this result was not significant (Fig. 21B). These 
data suggest that not only does the level of SHLD-1 affect LMF1-HA-DD 
mitochondrial morphology in a dose-dependent manner, but it also affects parasite 
growth as well. 
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Figure 21. Conditional knockdown of LMF1 results in mitochondrial shape 
change and decreased growth in tissue culture in a SHLD-1 dose-
dependent manner. (A) Frequency of lasso, sperm-like, and collapsed 
mitochondrial morphologies were quantified for parental parasites strain 
(DiCredku80 SOD2-GFP IMC1-TdTomato), and LMF1-HA-DD in varying 
concentrations of SHLD-1. Mitochondrial morphology was quantified as ten 
fields of view per replicate over three biological replicates. (B) LMF1-HA-DD 
parasites were cultured in four concentrations of SHLD-1 over two passages 
before performing plaque assay. The percent area cleared was determined by 
ImageJ and the values shown are the mean % area clearance + SD (One-way 
ANOVA, n=4; **p< 0.001). 
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Mitochondrial position throughout lytic cycle 
 Previous studies have shown that mitochondrial retraction from the pellicle 
of Toxoplasma is directional, with greater than 90% of extracellular sperm-like 
mitochondria containing the majority of the mitochondrial material at the apical end 
of the parasite (48). Since the mitochondrion of LMF1 knockout parasites is always 
collapsed regardless of whether the parasite is inside or outside the cell, we 
monitored mitochondrial position throughout the parasite lytic cycle. Mitochondrial 
position in parasites with either sperm-like or collapsed mitochondrion was 
classified as either apical or basal using the IMC, which does not cover the apical 
periphery of the parasite, as a reference (Fig. 22A, second panel). For sperm-like 
the classification was based on the position of the bulk of the mitochondrion (i.e., 
the head of the sperm). In intracellular Δlmf1 parasites, there was no significant 
difference in the frequency of apical and basal mitochondrial position, indicating 
that the position is stochastic in this environment (Fig. 22B). This position is 
maintained directly after mechanical egress of the parasites through a needle (Fig. 
22C). These knockout parasites were then allowed to invade host cells for one 
hour before they were extensively washed and fixed to observe the mitochondrial 
position directly after parasite invasion. In this case, there was a significant 
difference between apical and basal localization, with a higher level of apically 
positioned mitochondria. This result could indicate a number of things, but the two 
most likely possibilities are that: 1. parasites with apically positioned mitochondria 
are more efficient at invasion than those with basal localization or 2. parasites with 
basally positioned mitochondria may be ill equipped to survive in the extracellular 
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environment, thus creating a lower proportion of basally localized mitochondria. 
The distinction between these two hypotheses has yet to be explored and is 
proposed for further study. 
  
 
Figure 22. Mitochondrial position of LMF1 knockout parasites is stochastic 
after division and immediately after egress, but is preferentially apical 
directly after invasion. Mitochondrial position was determined to be apical or 
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basal based on IMC3 staining, which stains the apical 2/3 of the parasite pellicle. 
Parasites were determined to be apical or basal (shown in A, second panel) in 
(A) intracellular parasites, (B) parasites immediately after mechanical egress, 
and (C) after invading host cells for one hour. (D) Levels of LMF1 in intracellular 
and extracellular parasites were determined by Western blot and compared to 
the loading control, SAG1. 
 
 
In order to determine if the mitochondrial retraction seen in extracellular 
wildtype parasites was due to a change in protein levels, protein lysate from LMF1-
myc parasites that were either intracellular or extracellular for 8 hours were 
collected. These protein levels were compared to their respective loading control 
by densitometry and the difference between LMF1 protein levels in intracellular 
and extracellular parasites is not significant (Fig. 22D). Since there is no difference 
in LMF1 protein levels, it is possible that there is a differential posttranslational 
modification that occurs upon egress. As of now, the environmental trigger that 
causes mitochondrial collapse in extracellular parasites is unknown and may be 
tied to changes in LMF1. 
 
LMF1 interactors 
 Based on the results presented in Chapter 3, we propose that LMF1 is a 
molecular component of a membrane contact site between the mitochondrial 
membrane and the parasite pellicle. This model would predict that LMF1 would 
interact with other proteins in both the pellicle and the mitochondrion. Accordingly, 
we sought to identify proteins that interact with LMF1 both in the mitochondrial 
membrane and in the pellicle. For this purpose, we employed both Y2H and 
immunoprecipitations as complementary approaches. Using the same method as 
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done previously for Fis1 (see Chapter 2), full-length LMF1 was analyzed for 
interactions by screening against a Toxoplasma cDNA library and analyzing over 
95 million interactions. Of these, there were 257 positive clones produced, which 
resulted in 70 potential interactors (Table 4) (73, 77). We analyzed interactors with 
no known localization using a recently published proteomic database that predicts 
localization through Localization of Organelle Proteins by Isotope Tagging (LOPIT) 
and ultracentrifugation (ToxoDB) (82). Since we predict that LMF1 mediates a 
membrane contact site between the mitochondrion and parasite periphery, we 
focused on proteins predicted to localize to the mitochondrion, apical end, IMC, 
and parasite periphery. Using LOPIT, 3 interactors are localized to the IMC, 6 
proteins associate with the apical end, 2 are associated with the mitochondrial 
membrane, and 3 are in the parasite periphery.  Some putative interactors of note 
include the calcium-dependent protein kinase CDPK7, guanylyl cyclase (GC), and 
numerous proteins within the parasite pellicle, such as inner membrane complex 
10 (IMC10) and inner membrane localizing protein 1 (ILP1). IMC10 is an inner 
membrane complex (IMC) resident protein that localizes to the IMC and is 
expressed at higher levels in the budding daughter parasites in comparison to the 
mother, which is similar to the expression pattern of IMC3 (84). ILP1 has a similar 
localization pattern to IMC10 and interestingly, IMC10 was shown to be a possible 
interactor of ILP1 by co-immunoprecipitation and mass spectrometry (85, 86). 
Therefore, it is possible that ILP1, IMC10, and LMF1 work together to form the 
scaffold necessary for peripheral distribution of the mitochondrion.  
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Since LMF1 protein levels do not differ between intracellular and 
extracellular parasites (Fig. 22D), it is possible that a post-translation modification 
is able to eliminate the membrane contact site between the mitochondrion and the 
pellicle in the extracellular space. LMF1 is predicted to be phosphorylated multiple 
times, which makes CDPK7 an interesting putative interactor. CDPK7 was found 
to be involved in parasite division and is essential for parasite fitness (87). Another 
interesting interactor is guanylyl cyclase (GC), which was recently found to change 
localization between intracellular and extracellular parasites. In addition to this 
dynamic localization, TgGC is essential for proper secretion of micronemes and 
conoid extrusion, both of which are necessary for egress, motility, and invasion. 
The signaling events that GC may regulate, including cGMP and potential lipid 
transport functions, are potentially rapid enough to account for the mitochondrial 








Table 4. Putative LMF1 interactors determined by Y2Ha 
ToxoDB Gene ID Product Description Global PrBSb 
CRISPR 
score 
TGME49_230210 alveolin domain containing intermediate filament IMC10 A -4.70 
TGME49_285870 SAG-related sequence SRS20A A 1.74 
TGME49_295050 tRNA ligase class II core domain (G, H, P, S and T) domain-containing protein A -2.96 
TGME49_300140 elongation factor 1-gamma, putative A -3.02 
TGME49_235470 myosin A B -3.09 
TGME49_254370 guanylyl cyclase B -3.56 
TGME49_258540 phosphoglycerate mutase family protein B -4.95 
TGME49_201780 microneme protein MIC2 B -1.17 
TGME49_233810 Sel1 repeat-containing protein B -0.78 
TGME49_244530 hypothetical protein B 2.12 
TGME49_313380 ILP1 C -4.70 
TGME49_205360 hypothetical protein C -1.59 
TGME49_217680 hypothetical protein C 0.99 
TGME49_242260 hypothetical protein C -5.58 
TGME49_257760 hypothetical protein C 1.21 
TGME49_269690 hypothetical protein C 1.54 
TGME49_278030 hypothetical protein C 0.45 
TGME49_290950 clathrin heavy chain, putative C -4.77 
TGME49_243250 myosin H D -3.94 
TGME49_244470 RNG2 D -4.21 
TGME49_246720 hypothetical protein D 0.24 






TGME49_273560 Kinesin B D -0.94 
TGME49_289990 hypothetical protein D -0.65 
TGME49_213670 hypothetical protein D -3.88 
TGME49_231930 hypothetical protein D -1.24 
TGME49_259720 hypothetical protein D -4.55 
TGME49_266830 Sec7 domain-containing protein D 0.30 
TGME49_202040 hypothetical protein D -0.20 
TGME49_203520 hypothetical protein D -1.25 
TGME49_204080 histidine acid phosphatase superfamily protein D -1.99 
TGME49_206430 formin FRM1 D -3.24 
TGME49_218560 acetyl-coA carboxylase ACC2 D -3.06 
TGME49_223760 hypothetical protein D -2.75 
TGME49_224870 hypothetical protein D -0.48 
TGME49_225745 hypothetical protein D 0.53 
TGME49_227960 PCI domain-containing protein D -3.33 
TGME49_228750 calcium dependent protein kinase CDPK7 D -4.13 
TGME49_229790 hypothetical protein D -4.80 
TGME49_231840 hypothetical protein D -0.81 
TGME49_247290 hypothetical protein D -1.16 
TGME49_248680 hypothetical protein D -1.00 
TGME49_250690 zinc finger (CCCH type) motif-containing protein D -1.40 
TGME49_252220 tetratricopeptide repeat domain containing protein D -1.03 
TGME49_254470 hypothetical protein D 0.88 
TGME49_255300 hypothetical protein D -2.99 
TGME49_258070 hypothetical protein D -5.24 






TGME49_267020 hypothetical protein D -3.27 
TGME49_269200 crooked neck family 1 protein isoform 2, putative D -2.99 
TGME49_272040 WD domain, G-beta repeat-containing protein D -3.80 
TGME49_272695 hypothetical protein D 0.43 
TGME49_275440 dense granule protein GRA6 D 1.84 
TGME49_275690 ClpB, putative D -4.75 
TGME49_286450 dense granule protein GRA5 D 2.58 
TGME49_289520 hypothetical protein D -4.87 
TGME49_293430 hypothetical protein D 1.48 
TGME49_294350 DEAD/DEAH box helicase domain-containing protein D -4.32 
TGME49_294620 eukaryotic initiation factor-3, subunit 8, putative D -4.89 
TGME49_295730 tetratricopeptide repeat-containing protein D -3.99 
TGME49_298020 DEAD-family helicase D -4.44 
TGME49_304680 ubiquitin family protein D -0.95 
TGME49_305240 XPA binding protein 2 family protein D -2.50 
TGME49_306660 RNA pseudouridine synthase superfamily protein D -4.59 
TGME49_308070 hypothetical protein D -2.65 
TGME49_314900 LisH protein D -0.93 
TGME49_314970 root hair defective 3 GTP-binding protein (rhd3) protein D -4.38 
TGME49_318390 hypothetical protein D -0.87 
TGME49_319860 DNA polymerase family B protein D -3.85 
TGME49_215520 hypothetical protein E 0.61 
a Proteins that also appear in the LMF1 immunoprecipitation experiments are highlighted in orange and those that also 
appeared in the Fis1 Y2H are highlighted in green. 
b Predicted biological score (PrBS) are confidence scores, with A indicating the highest confidence of interaction and E 










Table 5. Potential LMF1 interactors as determined by three independent immunoprecipitationsa 
ToxoDB 
Gene ID Product Description Total Peptides Fold Change
b CRISPR 
Scorec 
TGGT1_278870 myosin F 63 INF -3.55 
TGGT1_265180 LMF1 44 INF -1.65 
TGGT1_260540 IMC14 11 INF 1.75 
TGGT1_295360 IMC18 10 INF 1.13 
TGGT1_311230 hypothetical protein 10 INF 0.74 
TGGT1_219270 multi-pass transmembrane protein GAPM2a 9 INF -3.53 
TGGT1_230850 TSC3 8 INF -0.38 
TGGT1_258470 IMC24 6 INF 2.58 
TGGT1_250820 AC2 5 INF 0.50 
TGGT1_210370 ROP54 4 INF 1.07 
TGGT1_286580 IMC17 36 36.0 1.38 
TGGT1_220270 IMC6 16 16.0 -3.19 
TGGT1_248700 IMC12 12 12.0 -0.17 
TGGT1_230210 IMC10 34 11.3 -4.70 
TGGT1_267500 CBAP 11 11.0 -0.72 
TGGT1_222220 IMC7 23 7.7 -0.64 
TGGT1_258410 PhIL1 20 6.7 1.74 
TGGT1_308860 AC3 23 5.8 -0.37 
TGGT1_252360 rhoptry kinase family protein ROP24 (incomplete catalytic triad) 11 5.5 1.34 






TGGT1_226570 hypothetical protein 4 4.0 2.46 
TGGT1_252290 Cluster of putative importin alpha 4 4.0 -5.32 
TGGT1_316340 IMC22 4 4.0 -0.27 
TGGT1_232130 TLAP2 4 4.0 -0.82 
a LMF1, the bait protein, is highlighted in blue. Proteins that also appeared in the LMF1 Y2H are highlighted in orange. 
Proteins in bold type font localize to the parasite pellicle 
b Fold change was determined by dividing the total peptides of each putative interactor from three experiments by the 
number of peptides for that protein in the control sample. INF fold change indicates there were no peptides in the control. 




Since the list of interactors produced by Y2H is extensive, we sought to narrow 
down potential interactors by doing immunoprecipitation experiments. We pulled 
down LMF1-HA onto HA magnetic beads and sent these beads for mass 
spectrometry. Fold change was determined by dividing the total number of 
peptides in the LMF1-HA samples by the total number of peptides in the Ku80 
control samples. This was repeated three times and the resulting putative 
interactors are compiled in Table 5. This list only includes proteins that were 
identified in at least two of the three replicates and had a fold change of 4 or greater 
over the control. This produced a list of 23 potential interactors, including both 
IMC10 and ILP1, which were also in the Y2H. Interestingly, 19 out of 23 interactors 
are known to localize to the parasite pellicle (shown in bold type font in Table 5). 
In addition to the two proteins found in both the LMF1 experiments, three proteins 




Figure 23. LMF1 and IMC10 are interacting partners. A. Representative 
image of parasites co-tagged with LMF1-HA(red) and IMC10(myc). B. Western 
blot of reciprocal co-IP where LMF1-HA was precipitated on HA magnetic beads 
and probed for HA (left panel) or myc (right panel). The predicted bands are 
outlined with a red box and the two bands in the myc elution lane are likely heavy 
and light chain. 
 
Since IMC10 was shown to have the highest level of confidence of 
interaction by Y2H and a 11.3-fold change in the immunoprecipitation experiments, 
we decided to explore this potential interaction further. To determine if LMF1 and 
IMC10 are true interactors, we tagged IMC10 with a C-terminal endogenous myc 
tag in a parasite line in which LMF1 is endogenously tagged with a HA epitope tag. 
As expected, IMC10 localizes to the IMC and extends almost the entirety of the 
cortical cytoskeleton (Fig. 23A). With both proteins expressing different epitope 
tags, we were able to perform reciprocal co-immunoprecipitation experiments and 
determine interaction by Western blot. Briefly, LMF1-HA was pulled down on HA-
magnetic beads and half of each sample was ran on a Western blot and probed 
for either HA or myc. Since LMF1 is not highly expressed, it is not surprising that 
LMF1 was not seen in the input sample, but was enriched in the elution from beads 
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(Fig. 23B). On the other hand, IMC10 is very highly expressed and was able to be 
seen in both the input and unbound fractions at the expected size (~60 kDa). We 





Chapter 4: Discussion and Future Directions 
The single mitochondrion of the pathogen Toxoplasma gondii is highly 
dynamic, with its location and structure changing during various stages of the 
parasite’s lytic cycle. As the last organelle to move from a live mother parasite into 
two nascent daughter cells, the morphology and position of the mitochondrion is 
tightly regulated during parasite division. Similarly, as the parasite moves from 
inside to outside host cells the mitochondrion morphology dramatically changes. 
While inside the host cell Toxoplasma’s mitochondrion forms a lasso with multiple 
points of contact with the parasite pellicle, then quickly retracts from the parasite 
periphery to a collapsed bundle at the apical end as the parasites move to the 
extracellular space. Our lab has shown that the mitochondrial morphology also 
changes under treatment with the anti-parasitic drugs atovaquone and monensin. 
Under drug treatment the mitochondrion’s outer membrane becomes constricted 
causing the inner mitochondrial material to appear punctate. Importantly, this 
phenomenon is completely reversible and upon removal of monensin, the 
mitochondrion returns to its typical shape.  
The morphological changes experienced by the mitochondrion under 
monensin treatment are likely a response to stress and might represent a 
mechanism by which the parasite protects the mitochondrion from irreversible 
damage. Mitochondria from numerous organisms alter their morphology to 
respond to specific stressors, such as UV radiation and nutrient starvation (40). In 
conditions that damage mitochondrial DNA, such as cycloheximide and UV 
radiation, mitochondria hyperfuse (40). This phenomenon most likely occurs to 
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complement damaged mitochondrial DNA and promote DNA mixing. Conditions 
that affect mitochondrial respiration, such as oligomycin and uncoupling agents, 
cause mitochondrial fragmentation (42, 43). Similarly yeast cultured in aerobic, 
respiratory conditions have more punctate mitochondria whereas anaerobic 
conditions result in branched and elongated morphologies (41).  These data 
suggest that mitochondrial morphology is responsive to environmental conditions 
and stressors. Therefore, the phenotype observed under monensin treatment is 
likely a protective mechanism for the mitochondrion against the effects of the 
ionophore. 
As the effect of monensin is a reversible constriction along the outer 
mitochondrial membrane, I hypothesize that this phenomenon would require the 
mitochondrial fission machinery. The yeast mitochondrial fission machinery is the 
most well characterized and it is comprised of the membrane anchored protein 
Fis1p, which actively recruits other proteins to the mitochondria during fission like 
Mdv1 (mitochondrial division protein 1), which acts as an adapter protein. Fis1p is 
then able to recruit a GTPase, dynamin (Dmn1), which is able to drive the final 
scission of the mitochondrion (45). No homologs for Mdv1 have been found in 
Toxoplasma gondii, but there is one Fis1 homolog (TGGT1_263323) and three 
dynamin-related proteins: DrpA, DrpB, and DrpC. Of these, DrpC, which lacks 
many of the features required for Drp function, has been associated with 
mitochondrial division (90). Nonetheless, we and other groups have shown that 
instead DrpC appears to be involved in vesicle trafficking and endocytosis (56, 90).  
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As the strongest homolog of any putative fission protein in Toxoplasma, we 
investigated the role of Fis1 in monensin driven mitochondrial rearrangement. We 
found that Fis1 localization to the mitochondrion is important for monensin-induced 
remodeling and the absence of Fis1 results in decreased sensitivity to the 
ionophore. Thus, it is plausible that Fis1 is recruiting proteins to the mitochondrion 
outer membrane during monensin treatment to induce a transient constriction, 
similar to the transient interaction Fis1 has with Drp1 (58, 91). As DrpC and Fis1 
do not seem to interact and DrpC localization does not change upon monensin 
treatment, it is unlikely that DrpC is involved in this process (90). Interactome 
analysis of Fis1 identified some proteins with domains of interest that are also 
found in Fis1 interactors of other systems. For example, TGGT1_224270 contains 
WD40-like domains, which is common to the Fis1 adaptor proteins (58, 59), and 
localizes to the mitochondrion (Fig. 9A). TGGT1_304990 is a guanylate-binding 
protein that may be able to take the role of a dynamin-related protein in this system.  
While in yeast Fis1 is essential, mammalian cells appear to have several proteins 
able to recruit the fission machinery, which makes Fis1 dispensable in those 
organisms. Knockout of Toxoplasma Fis1 does not disrupt mitochondrial 
morphology (92) or affect parasite fitness (83, 92). These results have been 
corroborated by our lab through CRISPR/Cas9. Interestingly, we do observe a 
significant defect in the morphology of the mitochondrion when the endogenous 
Fis1 is mislocalized to the cytoplasm. In both mammalian cells and in yeast, either 
mislocalization or overexpression of Fis1 results in disruption of mitochondrial 
morphology (58, 93). In Toxoplasma, mislocalization of Fis1 resulted in aberrant 
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mitochondrial morphology in which they maintain their lasso shape, but it is 
stretched out and appears to have strenuous branches and material. The 
phenotype observed with mislocalized Fis1 could the consequence of Fis1 
interacting with proteins that it would normally not come into contact with or of Fis1 
pulling proteins away from the mitochondrial membrane where they are required. 
With this in mind we performed a yeast two-hybrid screen to identify putative 
interactors. Interestingly, among the 24 proteins identified, seven 
(TGGT1_215520, TGGT1_218560, TGGT1_265180, TGGT1_246720, 
TGGT1_304990, TGGT1_321370, and TGGT1_321450) likely localize to the 
mitochondrion, based on a proteomic analysis of the Toxoplasma mitochondrion, 
which used both *BirA (94) and APEX (95, 96) to identify novel mitochondrial 
proteins (97). Nonetheless, this proteome may not contain all the potential 
interactors that localize to the mitochondrion because the proteome was generated 
using a mitochondrial matrix protein, HSP70, thus excluding proteins that are 
localized to the outer mitochondrial membrane. Our lab has endogenously tagged 
TGGT1_304990 and found that it localizes to the ER, which is corroborated by the 
recent LOPIT data (82). In silico analysis of the putative Fis1 interactors using 
MitoProt, SignalP, and PSort (98–100) shows that an additional 5 proteins 
(TGGT1_226050, TGGT1_237015, TGGT1_247700, TGGT1_299670, and 
TGGT1_286470) may also localize to the mitochondrion based on the presence of 
mitochondrial signal. Another protein of interest is TGGT1_287980 has a forkhead-
associated (FHA) domain, which is involved in a number of regulatory and 
signaling processes (101), modulates protein-protein interactions through a 
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phosphorylation-dependent mechanism, and was found to localize to the IMC (Fig. 
8B). Further characterization of these proteins is needed to determine what role 
they may play in mitochondrial remodeling and dynamics. 
In this study, I focused on one of the putative Fis1 interactors, 
TGGT1_265180, which we have dubbed LMF1. This protein was the only one to 
be identified through both the Y2H and immunoprecipitation assays. LMF1 
localizes to the OMM despite the absence of any domain or modification that would 
predict mitochondrial or membrane localization, suggesting that its association 
with the mitochondrion is likely through protein-protein interactions. When Fis1 is 
mislocalized to the cytoplasm, LMF1 expression is significantly reduced and while 
some LMF1 is still deposited on the mitochondrion, some does not appear to be 
associated with the organelle. LMF1 may not colocalize with Fis1 in these 
parasites because either protein may be interacting with other proteins or 
membranes. In the case of LMF1, there are potentially redundant interactors on 
the mitochondrial surface or interactors localized to other parts of the parasite, like 
the IMC, that are important for maintaining the mitochondrial lasso shape. 
Additionally, the expression level of LMF1 is decreased significantly when Fis1 is 
mislocalized, which may be due to either a decrease in the transcript level of LMF1 
or that the protein is being degraded in the absence of potentially a stabilizing 
interaction with Fis1. 
 Genetic disruption of LMF1 reveals its unexpected role in maintenance of 
mitochondrial morphology in intracellular parasites. LMF1 knockout results in loss 
of the typical lasso arrangement with the majority of parasites having either sperm-
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like or collapsed mitochondria. Thus, it appears that in the absence of LMF1 the 
mitochondrion of intracellular parasites adopts morphology normally only seen in 
extracellular ones. These mitochondrial morphologies, sperm-like and collapsed, 
are proposed to be due to a retraction of the mitochondrion from the IMC as the 
parasite transitions to the extracellular environment (48). Therefore, it is possible 
that elimination of LMF1 has also eliminated these contact sites, causing a 
significant decrease in parasites with lasso morphology intracellularly. Membrane 
contact sites (MCSs) play important roles in signaling, lipid and ion exchange 
between organelles, and proper organelle positioning (37, 102). Whether any of 
these processes are affected in the LMF1 mutant strain is yet to be investigated. 
Nonetheless, the fact that parasites lacking LMF1 exhibit a propagation defect 
suggest that the proper morphology of the mitochondrion is important for parasite 
fitness. 
Loss of LMF1 not only resulted in growth defects and alterations in 
mitochondrial morphology but also caused a number of defects in mitochondrial 
segregation and division. It was observed that the mitochondrion was not properly 
partitioned during division, leaving some parasites without mitochondrial material 
and some vacuoles with extraneous mitochondrial material outside of the parasites 
(Fig. 17). As the parasites continued through division, mitochondrial material 
appeared to accumulate in the residual body and there were abnormal numbers of 
parasites per vacuole (Figs. 17A and 18B). These defects were also seen when 
the LMF1 knockout parasites were analyzed by transmission electron microscopy. 
Ultrastructural analysis revealed abnormal mitochondrial morphology, the 
 
95 
presence of more than two daughter parasites per mother during endodyogeny, 
and mitochondrial material within the residual body of the vacuole (Fig. 18). These 
data confirm that genetic ablation of LMF1 results in defects in both division and 
mitochondrial segregation, which may account for the growth defects seen in vitro.  
We noted that complementation of the knockout strain with the wildtype LMF1 was 
incomplete. While the exogenous copy was under the control of the LMF1 
promoter, it is possible that the expression level from the ectopic site is not at the 
right level for complete complementation. Another possibility is that, in order to 
adapt to the lack of LMF1, the expression of other factors required for 
mitochondrial morphology was affected. It is also plausible that the addition of an 
epitope tag in the exogenous protein affects function or protein-protein 
interactions. Nonetheless, we have not observed any mitochondrial defect when 
epitope tags are added in the endogenous LMF1.  
To ameliorate the potential adaptation of Toxoplasma to LMF1 deletion, I 
endogenously tagged LMF1 with a destabilization domain (DD) to mediate 
conditional knockdown. This system allows us to control the level of LMF1 in the 
parasite, which prevents the parasites from adapting to its absence. This system 
was employed in parasites that stably express SOD2-GFP and IMC1-TdTomato 
to observe the mitochondrion and IMC, respectively. Upon removal of the ligand 
SHLD-1, LMF1 is no longer stable and is sent for proteasomal degradation, which 
results in mitochondrial collapse (Fig. 20C). We examined the mitochondrial 
morphology of these parasites in four concentrations of SHLD-1 and compared the 
frequency of lasso, sperm-like, and collapsed mitochondria to the parental line. 
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LMF1-HA-DD parasites in the absence of SHLD-1 and the lowest concentration 
(50nM) had significantly lower percentages of parasites with lasso mitochondria 
than that of parasites maintained in 150nM and 300nM compared to the parental 
(Fig. 21A). Additionally, there was a significant difference in parasite growth in vitro 
between 0nM and 150nM SHLD-1. This indicates that the level of LMF1 in the 
parasite is important for mitochondrial lasso maintenance and parasite growth. 
 
Mitochondrial dynamics in other parasitic species 
Plasmodium falciparum, the etiological agent of malaria and close relative to 
Toxoplasma gondii, has a single mitochondrion that is dynamic during various life 
stages. During division within the red blood cell, termed schizogeny, the 
mitochondrion elongates and begins to branch into the forming daughter parasites 
(103). P. falciparum is lacking many traditional homologs of mitochondrial fission 
and fusion machineries. There are no apparent homologs to mitofusins, which 
would predict a canonical fusion pathway (104, 105). P. falciparum has two 
candidate dynamin-related proteins, dubbed DYN1 and DYN2, that are do not 
appear to serve a role in mitochondrial division, but may participate in hemoglobin 
uptake and endomembrane trafficking, respectively (105, 106). There is one Fis1 
homolog that was found to localize to the mitochondrion, but upon further 
observation and genetic disruption is not essential for parasite survival nor 
mitochondrial division, which is in accordance with the TgFis1 homolog (107). 
Unlike Toxoplasma, T. brucei is harbors homologs to both a dynamin-like 
protein (TbDLP) and a fusion protein (TbMFNL) that appear to regulate 
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mitochondrial dynamics of its single mitochondrion. TbDLP localizes to the 
mitochondrion and to the site of endocytosis and, upon genetic disruption, prevents 
proper parasite division and mitochondrial fission (108). Silencing of the candidate 
mitofusin-like protein, TbMFNL, causes mitochondrial fragmentation, which is in 
accordance with defects in mitochondrial fusion seen in yeast (108). Interestingly, 
Trypanosoma brucei is another parasite that alters its shape in different life stages 
(109). During the procyclic phase in the tsetse fly midgut, the mitochondrion 
elongates to form an elaborate network of mitochondrial branches. In the 
bloodstream form, the branches collapse to form one tubule that lacks the 
respiratory capability of the procyclic stage. This mitochondrial morphology change 
is dependent on a protein called TbLOK1, which is naturally downregulated in the 
bloodstream form (109).  
There are many possible explanations for the retraction from the IMC toward 
the apical end of Toxoplasma during extracellular stress is to a) position the 
mitochondrion to the area of greatest energetic need and/or b) accommodate to 
the available nutrients. I propose that LMF1 interacts with Fis1 on the OMM and 
another or multiple proteins in the parasite pellicle to establish membrane contact 
sites to maintain the typical lasso shape (Fig. 24). Upon egress, LMF1 or its 
interactors is either post-translationally modified or downregulated as to eliminate 
these contact sites and position the mitochondrion towards the apical end. Once 
the parasite has reentered a host cell, the mitochondrion can then reattach to the 
pellicle and can extend to the parasite periphery. LMF1 knockout parasites cannot 
properly form this lasso and therefore have given us an incredible tool to study the 
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functional relevance of the mitochondrial morphodynamics and to identify the key 
players in this process.  
 
Membrane contact sites 
 The mitochondrial shape change observed in extracellular parasites is 
proposed to be a loss of membrane contact sites between the mitochondrion and 
the parasite pellicle (48). Since this phenotype is reminiscent of the shape change 
observed upon LMF1 deletion, I propose that LMF1 mediates this membrane 
contact site in Toxoplasma gondii. Membrane contact sites (MCSs) are defined by 
two organelles in close apposition to each other (within 30nm) whose interaction 
results in changes to one or both organelles (37). Typically, certain proteins are 
enriched at these sites and the membranes do not fully fuse with each other. MCSs 
play important roles in exchange of lipids and calcium between organelles, 
intraorganellar communication and signaling, and organelle inheritance during 
division (37). The MCSs that form between the ER and the mitochondrion are 
some of the best studied. One such membrane contact site occurs between the 
inositol 1, 4, 5-triphosphate receptor (IP3R) on the ER and voltage-dependent 
anion channel 1 (VDAC1) on the outer mitochondrial membrane. A cytosolic 
chaperone, glucose-regulated protein 75 (grp75), mediates the membrane contact 
site between these two proteins to allow for Ca2+ exchange between the ER and 
the mitochondria (110–112). Although the putative MCS between the ER and the 
mitochondrion has not been identified in Toxoplasma gondii or other 
apicomplexans, a contact between the acidocalcisome, a major Ca2+ store, and 
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the mitochondrion has been observed in Trypanosoma brucei. In the kinetoplastid 
parasite, T. brucei, the IP3R homolog localizes to the acidocalcisome (113). Using 
super-resolution imaging, Ramakrishnan et al. (113) found that these organelles 
were in close apposition to each other in both the procyclic and blood stage forms. 
As of now, this membrane contact site is one of the few studied within parasitic 
protists, which demonstrates the knowledge gap in this field. 
 Within Apicomplexa, the membrane contact site between the mitochondrion 
and the apicoplast has been observed in both Plasmodium falciparum and 
Toxoplasma gondii. During P. falciparum asexual stages, the mitochondrion and 
apicoplast appear in close proximity to one another until late trophozoite stages, 
where this association is less apparent (103). During Toxoplasma endodyogeny, 
the mitochondrion transiently interacts with the apicoplast during its elongation, but 
this apposition is not maintained throughout the cell cycle (16). These interactions 
are proposed to allow for metabolite and lipid exchange between these organelles. 
The proposed MCS between the Toxoplasma mitochondrion and the parasite 
pellicle is of particular importance to this study. Ovciarikova et al. (48) observed 
these two structures in close proximity to each other during the intracellular life 
stages of Toxoplasma using electron microscopy. It was observed that the 
mitochondrion and IMC were typically within <50nm, with these contacts being 
more extensive in intracellular parasites (48). It is proposed that these putative 
contact sites are lost in the extracellular environment, causing the mitochondrial 
collapse in extracellular parasites. Upon reentry into a host cell, the mitochondrion 
can reform these connections and reestablish the typical lasso shape. Based on 
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these data and the data presented above, we propose that LMF1 mediates the 
membrane contact site between these two organelles.  
 In order to determine what other proteins may be involved in these potential 
contact sites, we employed both yeast two-hybrid (Y2H) and immunoprecipitation 
(IP) of LMF1. Comparing putative interactors of both lists produced two likely 
interactors, IMC localizing protein 1 (ILP1) and IMC10. Of these, I investigated 
IMC10 further because of its localization and confidence of interaction with LMF1 
by both methods. It was observed to localize to the IMC (Fig. 23A), in accordance 
with previous studies (86). LMF1 was immunoprecipitated and the resulting elution 
was analyzed by Western blot and probed for both LMF1-HA and IMC10-myc, 
which confirmed interaction between these two proteins (Fig. 23B). Further 
analysis of this interaction and others within the parasite pellicle are a priority to 





Figure 24. Model of the role of LMF1 and its interacting partners in 
mitochondrial morphodynamics. In this diagram, the mitochondrion of 
Toxoplasma is shown in green and extends to the parasite periphery. Fis1 is 
represented in yellow and is anchored to the OMM. LMF1, in red, interacts with 
Fis1 on the OMM and IMC10, in blue, on the IMC.  
 
Our lab sought to determine the purpose of the mitochondrial retraction in 
extracellular parasites to the apical end of the parasites. To do this, we examined 
mitochondrial positioning throughout the lytic cycle of the parasite. The functional 
relevance of mitochondrial positioning is to position the mitochondria in areas of 
high energetic need. For example, mitochondria are positioned at the leading edge 
of lymphocytes to promote migration of the cell during chemotaxis (114). In 
Toxoplasma, mitochondrial movement to the apical end in the extracellular 
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environment may provide energetic support of secretion of the contents of the 
micronemes, rhoptries, and dense granules. These secretory organelles are 
essential for egress, attachment, invasion, and PV formation of Toxoplasma gondii 
and likely require energy while excreting their contents. To determine if 
mitochondrial position is important for these stages of the parasite lytic cycle, we 
observed the placement of the mitochondria of ∆lmf1 and parental parasites while 
intracellular. Interestingly, we found that ∆lmf1 mitochondrial positioning between 
the apical or basal end of the parasite was completely stochastic (Fig. 22A). 
Immediately after egress, the proportion of parasites that have apical or basal 
mitochondria does not change (Fig. 22B). However, directly after invasion, there is 
a significant difference between the percentage of parasites with apical 
mitochondria versus those with basal mitochondria, preferentially apical (Fig. 22C). 
It is unclear if this apical positioning allows Toxoplasma to be more efficient 
invaders or if parasites with basal mitochondria do not survive extracellularly. 
When we observed the levels of LMF1 in intracellular versus extracellular 
parasites, there was no apparent difference. This suggests that the mitochondrial 
shape change in extracellular parasites may be due to posttranslational 
modifications to LMF1 in extracellular parasites that eliminates mitochondrion-IMC 
contact sites.  
 
Future directions 
 In this study, we have shown that a novel Fis1 interactor, LMF1, is required 
for maintaining mitochondrial shape and distribution to the periphery of the 
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Toxoplasma gondii. In the absence of LMF1, the mitochondrion collapses to from 
a lasso shape to a ball form. This aberrant morphology results in mitochondrial 
segregation defects and decreased parasite survival in tissue culture. 
Mitochondrial collapse also occurs when tachyzoites egress from the host cell and 
enter an extracellular environment. Currently, the functional significance of this 
shape change in extracellular parasites or in the absence of LMF1 is not known. 
One potential function is to move the mitochondrion to an area of higher energetic 
need in extracellular parasites. Toxoplasma gondii is metabolically flexible and is 
able to co-utilize glucose and glutamine (32, 115). However, extracellular parasites 
predominantly undergo glycolysis, which provides the energy necessary for 
parasite motility (115). To test if mitochondrial function is affected by the 
morphology change and contributes to parasite survival, I propose further 
examination of mitochondrial respiration and glycolysis of parental and ∆lmf1 
parasites. To determine if glycolysis or oxidative phosphorylation plays a role in 
parasite survival in the absence of LMF1, parasites will be cultured in the absence 
of glucose and/or glutamine. Additionally, parasites will be cultured in 2-
deoxyglucose, to inhibit glycolysis, or atovaquone, to inhibit mitochondrial 
respiration (116, 117). These parasites will then be analyzed for oxygen 
consumption and extracellular acidification to examine changes in oxidative 
phosphorylation and glycolysis, respectively. Additionally, measuring ATP 
production of these parasites is of the utmost importance to understand the 
putative role of energy in mitochondrial collapse. 
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 Our data demonstrated that the collapsed mitochondrial morphology in 
intracellular parasites results in a number of division defects, including parasites 
lacking mitochondrial material, extra mitochondrial material in the parasitophorus 
vacuole, and abnormal division of parasites (Figs. 17 and 18). I propose that these 
defects are due to the ablation of mitochondrion-IMC contact sites preventing the 
mother mitochondrion from interacting with the forming daughter IMCs. Therefore, 
the mitochondrion cannot migrate into the forming daughters and some parasites 
do not receive material and others are able to obtain some material. I propose 
using live imaging to better understand this connection between the two organelles 
during division. The LMF1-HA-DD parasite line stably expresses both SOD2-GFP 
and IMC1-TdTomato to observe the mitochondrion and IMC, respectively, which 
makes this line perfect for understanding the role LMF1 may play in mitochondrial 
segregation and division. We will observe these parasites in the presence and 
absence of SHLD-1 during division, egress, motility, and invasion. Additionally, we 
can use these parasites to observe the mitochondrial shape change in real time 
after removal of SHLD-1. These experiments will provide insight into mitochondrial 
dynamics of Toxoplasma gondii during the lytic cycle and how LMF1 affects these 
changes. 
 LMF1 deletion causes a mitochondrial shape change reminiscent to 
parasites exposed to the extracellular environment. However, it is not known what 
the natural trigger is to cause this shape change in the extracellular environment. 
A previous study demonstrated that high potassium, which mimic intracellular 
levels, still causes a mitochondrial collapse (48). Therefore, it is likely that there is 
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a different trigger in the extracellular environment than lowered potassium 
concentration. In addition to observe the mitochondrial shape change during the 
lytic cycle proposed above, I propose to also observe the mitochondrial shape in 
various conditions to determine the extracellular signal. For example, serum 
albumin is important for microneme secretion, motility, and invasion (118). 
Observing mitochondrial morphology in different concentrations of serum may alter 
the frequencies of lasso, sperm-like, and collapsed mitochondria extracellularly. In 
addition to different extracellular conditions, observing LMF1-HA-DD parasites in 
various concentrations of SHLD-1 in extracellular parasites may shift the 
mitochondrial morphology. For example, it is possible that parasites exposed to 
300nM SHLD-1 in the extracellular milieu are able to maintain their lasso 
morphology longer than those maintained at 50nM SHLD-1. These experiments 
will determine if LMF1 levels are important for lasso maintenance and could 
explain differences between the endogenous and complemented morphology 
differences. 
  LMF1 protein levels did not differ between intracellular and extracellular 
parasites (Fig. 21D). Therefore, it is possible that the mitochondrial retraction from 
the IMC in extracellular parasites is due to differential posttranslational 
modifications (PTMs) of LMF1. In order to observe these differences, I propose 
mass spectrometric analysis of LMF1 extracted from intracellular and extracellular 
parasites. By comparing PTMs, such as phosphorylation, we can identify and 
mutate specific residues to observe if these modifications are essential to the 
mitochondrion-IMC membrane contact site and mitochondrial shape. In silico 
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analysis of LMF1 phosphorylation revealed that there are 12 phosphorylated 
residues, six of which are phosphorylated in either extracellular or intracellular 
parasites (ToxoDB). However, this experiment was done for all proteins and mass 
spectrometry of LMF1 specifically may yield different results. Interestingly, there is 
a patch of four phosphorylated residues within five amino acids. A similar 
phosphorylated patch is seen in the ceramide transport protein (CERT), which 
mediates the transport of ceramide from the ER to the Golgi (119, 120). When this 
patch is not phosphorylated, CERT mediates a membrane contact site between 
these organelles and promotes ceramide transport. However, when this patch is 
phosphorylated by protein kinase D and casein kinase 1, this connection is ablated 
and ceramide transport is repressed (119, 120). Therefore, I propose that the 
phosphorylated serine residues of the phosphorylated patch in LMF1 be mutated 
to either alanine or aspartic acid to inhibit and mimic phosphorylation, respectively. 
Mitochondrial morphology can then be observed in these mutants to determine if 
these phosphorylated residues are important for the mitochondrial-IMC MCS.  
 The mitochondrial-IMC membrane contact sites were shown to be more 
prevalent in intracellular parasites and are proposed to allow for peripheral 
distribution of the mitochondrion to its lasso shape (48). In this study, we have 
shown that LMF1 binds to Fis1 on the outer mitochondrial membrane and this 
interaction is essential for maintaining the typical lasso shape. We employed yeast 
two-hybrid and immunoprecipitations of LMF1 to determine potential interactors 
within the parasite pellicle (Tables 4 and 5). IMC10 and IMC-localizing protein 1 
(ILP1) were the only proteins found in both of the generated lists. We have shown 
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by reciprocal co-IP that IMC10 is a LMF1 interactor (Fig. 23), but it is possible that 
IMC10 is redundant and LMF1 has multiple interacting partners on the IMC.  
Interestingly, ILP1 knockdown does have a mitochondrial morphology and 
segregation defect, although not quantified (86). Therefore, further study of ILP1 
is warranted to determine if it is also a LMF1 interactor. Additionally, performing 
mass spectrometry of LMF1 in intracellular and extracellular parasites and 
identifying interactors in these conditions may reveal interactome differences. For 
example, it is plausible that LMF1 could have specific interactions with pellicle 
proteins in intracellular parasites, but these interactions are lost upon egress. 
Future work understanding the mechanism in which LMF1 mediates connections 
between the mitochondrion and parasite pellicle, proteins involved in these 
processes, and how these morphological changes affect parasite survival are 
important for determining the functional significance of mitochondrial morphology 
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• Aided students with organic chemistry laboratory techniques, answered 
questions pertaining to both lab and lecture, and maintained a safe 
environment for students. 
 
Mentoring Experience 
Summer Undergraduate Research Experience in the Biomedical Sciences 
(SUREBS) at IUSM 




• I guided an undergraduate student through a research project studying 
putative Fis1 interactors and their potential role in mitochondrial dynamics 
using techniques such as CRISPR/Cas9-mediated endogenous tagging 
and drug-inducible knockdown systems. Additionally, I served as a panelist 
to talk to SUREBS students about graduate school, work/life balance, and 
how to be an efficient researcher during their summer internship. 
 
Organic Chemistry Laboratory Teaching Assistant 
Hope College Department of Chemistry 
Fall 2015 
• I was asked by the department to be the sole TA of a student with severe 
learning disabilities. I assisted them in learning how to efficiently take notes 
during lab, kept the student on track, and was able to cut their time spent in 
lab from 10 hours per week to 5 hours. 
